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ABSTRACT

Biodegradation of olive mill wastewater (OMW) toxic constituents was investigated using
thermophilic bacteria. Three types of thermophilic bacteria were isolated from olive mills
solid waste (Jift) and tested their ability to detoxify OMW. These thermophiles, namely
Bacillus polymaxa JT6, Bacillus Maceramns JT7 and Bacillus popilliae JT8, can grow on Zebar as
a main carbon source. The optimal growths of thermophiles were obtained at temperature
of 65˚C and pH of 6.4. The growth of the three thermophiles on Zebar was descending with
increasing Zebar concentration. Complete inhibition of thermophiles was observed when
the total solid concentration of Zebar was above 20 g/L. This suggests the need for a pre-
treatment process for Zebar prior to the biological treatment or the use of diluted Zebar
solution. Moreover, the growth rate of the thermophiles on Zebar solution of 8 mass% was
described by Monod growth model.
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1. Introduction

Olive trees are of the most abundant fruit trees in
Jordan, especially in the northern side where the cli-
mate is suitable for this tree. In addition, the produced
olive oil is considered a major agricultural contributor
to the national economy of Jordan [1]. However, the
annual quantity of olive mills wastewater (OMW)

effluents, called Zebar, exceeds 300,000 m3, in addition
to 120,000 tons of solid wastes called Jift. On the other
hand, 98–99% of the olive annual world production
comes from the Mediterranean countries, [2]which is
accompanied by more than 3 × 107m3 of OMW [3].
This OMW usually contains polyphenols and sugars,
volatile acids, polyalcohols, and nitrogenous com-
pounds. The concentration of phenols could reach
10 g/L, a value that contributes to a high toxicity and
antibacterial activity of OMW. Moreover, the chemical*Corresponding author.
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oxygen demand (COD) ranges from 25 to 162 kg O2/L
and the biological oxygen demand (BOD5) from 9 to
100 kg O2/L [4].

The phenolic fraction in OMW accounts for most
of the problems associated with the management of
these wastes because this material is very harmful to
the environment. OMW is highly colored and varies
from dark red to black, depending on the age and the
type of olives processed [5]. The color of this wastewa-
ter can still be detected visually after a 1/1,000 vol-
ume dilution in water. Phenolic compounds are also
responsible for several biological effects, including
antibiosis and phytotoxicity [6]. However, the physico-
chemical properties of OMW are rather variable,
depending on climatic conditions, olive cultivars,
degree of fruit maturation, storage time, and extrac-
tion procedure [7]. Owing to the above characteristics,
the disposal of OMW in urban sewage treatment
plants is impracticable and not allowable. In addition,
since OMW is highly concentrated, it can, upon dis-
posal, degrade soil and water quality, and thereby,
negatively affect aquatic and terrestrial ecosystems [8].

Accordingly, the development of environmentally
acceptable methods for disposal of OMW still remains
a problem, whereas the degradation of the toxic com-
pounds contained in this wastewater will certainly
enhance the quality of the remediated waters and the
sedimentation mud, in view of their safe utilization as
fertilizers [9].

Several methods have been proposed in the last
30 years for OMW and olive pomace (Jift) manage-
ment and disposal, based on evaporation ponds, ther-
mal concentration, and physicochemical and biological
treatments, as well as their application to agricultural
soils as organic fertilizers either directly or after a
composting process [8,10].

Among the above methods, a microbial pretreat-
ment of OMW can positively affects its composition
by reducing the toxicity of polyphenols. To achieve
this goal, the selection of appropriate biological cata-
lysts to perform OMW treatment should take into
account their intrinsic capability to degrade aromatics
[2]. Several investigations have been carried out using
microorganisms capable of growing aerobically on
diluted OMW in order to reduce the initial organic
load and the phenolic content [11,12]. In particular,
the pretreatment of OMW with higher fungi, which
produce polyaromatic hydrocarbon-degrading
enzymes, including Aspergillus terreus [13] and the
white rot fungi Phanerochaete chrysosporium [14], Pleuro-
tus species [15,16], Lentinus edodes [17], and free and
immobilized mixtures of Bacillus sp. [18,19], have been
used to detoxify and decolorize the waste and reduce
considerably the COD and the total phenolic com-

pound concentration, which is responsible for its bio-
toxicity. However, it is reported that their use on a
large scale is difficult compared to bacteria [19].

Furthermore, it is expected that biodegradation of
OMW could be achieved to a great extent if wild
strains of microorganisms are used. Thermophiles,
microorganisms thriving at a temperature of 50˚C or
higher, could be good candidates for such processes.
Such microorganisms are able to grow at relatively
high temperatures where the rate of reaction could be
doubled for each 10˚C rise. In addition, the stability of
polyphenols at relatively high temperatures usually
decreases.

Several researchers investigated the capabilities of
thermophilic bacteria to degrade olive oil [20], lipids
[21], fat from industry [22], and phenolic compounds
[23]. Results from these studies indicate that thermo-
philic bacteria have superior capabilities to degrade
fats and phenols over mesophiles. However, the use
of thermophiles to treat OMW or Zebar has not been
cited so far. For these reasons, the main objective of
this investigation is to use thermophiles to treat OMW
according to the following procedure. First, isolate
some thermophiles from environments having OMW
or its solid wastes (Jift). Second, investigate the capa-
bilities of the isolated thermophiles to treat OMW in
order to become suitable for agricultural needs.
Finally, optimize the operational conditions for the
biodegradation process.

2. Kinetic modeling

There is no information available in the literature
about the growth kinetic of thermophilic bacteria on
olive mills waste as a sole carbon source. Many
researchers have applied the unstructured growth
kinetic model proposed by Kono [24], for protease
production by mesophilic and thermophilic B. sphaeri-
cus using glucose as a sole carbon source [25,26]. In
this model, the cellular growth passes through six sub-
sequent phases, including: lag phase, transition phase,
exponential phase, deceleration or declining phase,
stationary phase, and death phase. Since this unstruc-
tured growth has successfully been used for the
kinetic analysis of a number of fermentation processes,
the kinetic parameters of the cellular growth of ther-
mophilic bacteria growing on OMW will be deter-
mined using this model. The growth rate in the
exponential growth phase can be expressed by the fol-
lowing first-order equation:

dX

dt
¼ lX (1)
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where X is the cell concentration in g/L, μ is the spe-
cific growth rate in h−1, and t is the time in h. Upon
integration, the above equation, within the range of
the exponential growth phase, yields:

X ¼ Xce
l t�tcð Þ (2)

where XC is the cell concentration in g/L at the
boundary point between the exponential and decelera-
tion growth phase, tC. In this growth phase, μ is equal
to the slope of the plot between ln (X/XC) and (t − tC).
On the other hand, the growth rate in the deceleration
growth phase is expressed as:

dX

dt
¼ lXc XM � Xð Þ

XM � XCð Þ (3)

where XM is maximum or theoretical cell concentra-
tion in g/L. The integral form of Eq. (3) is:

X ¼ XM � XM � XCð Þe�
lXC t�tcð Þ
XM�XCð Þ (4)

It is clear from Eq. (4) that X is a function of time only
and it can be simultaneously calculated at any time.
By definition, the resultant growth rate in the station-
ary phase is zero, where in the death rate it can be
expressed by the following first-order model:

dX

dt
¼ �kdX (5)

where kd is the death rate constant in h−1. The corre-
sponding doubling time τd can be calculated using the
following expression:

sd ¼ ln 2ð Þ
lmax

(6)

Monod equation [27] is the most usual empirical rela-
tionship used to describe the relation between cellular
growth (μ) and substrate concentration (S). However,
OMW contains high-strength organic compounds that
usually cause inhibition, and this model is not entirely
adequate to predict the behavior of high-strength
organic compounds [28]. Consequently, substrate inhi-
bition growth kinetics model will be assumed to
explain the growth of thermophilic bacteria on OMW.
The model equation is expressed as following:

l ¼ lmaxS

kS þ Sþ S2=KSI
(7)

where KSI is the equilibrium constant of the substrate
inhibition reaction which has the unit of g/L, ks is the
half-saturation constant of growth kinetics in g/L, and
S is the substrate concentration in g/L. At low sub-
strate concentration, the term (S2/KSI) can be neglected
and Eq. (7) reduces to the following Monod equation
[23]:

l ¼ lmaxS

kS þ S
(8)

On the other hand, at high substrate concentration,
Eq. (7) is reduced to:

l ¼ lmax

1þ S=KSI
(9)

3. Materials and methods

3.1. OMW and Jift used

Samples of liquid OMW or Zebar, and Jift, which
is a semisolid paste, were obtained from an olive oil
production plant located in the Baqah Camp located
20 km to the north west of Amman city, Jordan. This
plant uses a semicontinuous process for extraction of
olive oil. The raw liquid samples were collected in 1 L
cans from the outlet disposal pipes of the plant. These
samples were transferred through ice box and then
kept as stock wastewater in a refrigerator at around
4˚C for further uses. Table 1 summarizes some physi-
cal, chemical, and biological characteristics of OMW
used in this study. Samples of OMW were periodically
withdrawn from the stock cans and centrifuged at
5,500 rpm to remove all possible suspended solids.

On the other hand, samples of the Jift were taken
from the Jift heap at a depth of about 30 cm below the
free surface. These Jift samples were kept in a refriger-
ator at a temperature of 4˚C in order to be used for
isolating thermophiles. Fresh Jift is made mainly with
water, seed, and pulp [29]. The Jift exhibits similar
damages of OMW to the environment. It has phyto-
toxic and antimicrobial properties, low pH, relatively
high salinity and organic load, and the phenolic and
lipid constituents [30].

3.2. Thermophilic bacteria isolation

In this part of the investigation, attempts were
made to isolate lipid- or oil-degrading microorganisms
from Jift. Jift samples were inoculated by thermophiles
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in three flasks. Each flask contained 100 mL MA broth.
The mass of Jift was 1.0, 1.5, and 2.0 g in flasks 1, 2,
and 3; respectively. The flasks were incubated at 45˚C
for 24 h. After this period, a sample of liquid was
withdrawn from each flask and analyzed for the pres-
ence of viable cells by subculturing on solid media.
Inoculums of 100 μL of each sample were spread on
the surface of MA plates. After 24 h, the plates were
visualized under the microscope.

After the detection of cellular growth in the plates,
several experiments were conducted to test the toler-
ance of these microorganisms toward higher tempera-
tures, different pH values, and quantity of Zebar in
the growth media. The effect of temperature was con-
ducted by consequent procedures of culturing and
subculturing at a higher temperature. The first subcul-
turing was made at 50˚C, then 55, 60, 65, 70, 75, and
80˚C. The effect of pH was investigated by varying its
value from 4 to 11 on the cultures isolated at 65˚C. On
the other hand, the effect of Zebar quantity was tested
on cultures isolated at 65˚C and pH of 6.4. The proce-
dure was conducted as follows: a mixture of 1 g Zebar
and 14 g peptone was dissolved in 100 mL distilled
water and incubated by a culture isolated at 65˚C and
pH of 6.4. The culture was incubated for 24 h in a sha-
ker incubator. After that, a sample of 1 mL of the
broth was transferred to another mixture containing
2 g Zebar and 13 g peptone and incubated for 24 h.
This procedure of culturing, incubation, and transfer-
ring continues until a mixture of 14 g Zebar and 1 g
peptone was reached. This process was conducted to
acclimate the thermophiles to the highest possible con-
centrations of Zebar.

3.3. Thermophilic bacteria characterization

Samples of the isolated thermophiles were trans-
ferred to three agar media, including nutrient agar,
EMB agar, and MacConkey agar, using calibrated
loop. The plates of cultures and subcultures were
incubated at different temperatures from 45 to 80˚C

for 48 h. After incubation, a mixed culture of different
types of bacteria was obtained. Number of colonies in
each sample was calculated using a dark field colony
counter (Leica, USA). Isolation of each species was
carried out using the streaking plate method. Bacterial
colonies were identified using morphological charac-
teristics, microscopic appearances, and a set of bio-
chemical tests (API 50 CHB, bioMerieux sa, Inc,
France), in addition to gram staining.

3.4. Batch growth of the thermophilic isolates

After the determination of the optimal conditions
for culturing the three isolates C1, C2, and C3, a series
of batch growth experiments were conducted in a lab-
oratory-scale one-liter-size fermenter with a working
volume of 700 mL. The fermenter was equipped with
suitable controllers including temperature, pH, oxygen
concentration, and stirring speed. The fermentation
was conducted at 65˚C and pH 6.4. The pH was main-
tained by the controlled addition of 1 M NaOH. The
agitation speed was set to 250 rpm and an aeration
rate was adjusted to 80 L/h. The dissolved oxygen
concentration was monitored using a standard amper-
ometric pO2 probe (Mettler-Toledo Prozeβanalytic
GmbH, Stein-batch, Germany). The aeration flow rate
was enough to maintain pO2 above 10% saturation to
avoid oxygen limitation. Each of the batch processes
continued until the optical density reached a maxi-
mum and started to decrease after the stationary
phase. The thermophiles cell dry weight was deter-
mined by centrifuging a certain volume of the fermen-
tation broth and then washing the pellets twice with
deionized water, followed by drying of the washed
pellets at 105˚C for 2 h. During the fermentation pro-
cess the turbidity of the broth was monitored by mea-
suring the optical density at 600 nm which is a direct
measure of cellular growth. The fermentation process
continued for 14 h in each case. Fig. 1 shows a calibra-
tion curve between cell dry density, ρd, and both opti-
cal density, ρo, and cell count (Cc).

4. Results and discussion

4.1. Characterization and identification of the
microorganism

In this investigation, thermophilic bacterial strains
were isolated from olive solid wastes or Jift. These
strains were cultured on different types of agar as
mentioned above. After identification and character-
ization, three strains were isolated and purified from
the Jift samples. These strains are Bacillus polymaxa,
Bacillus Maceramns, and Bacillus popilliae. Actually,

Table 1
Characteristics of OMW used in this study

Parameter Value

pH 5.2
Total COD (g/L) 114
Density (g/L) 1.08
Dissolved COD (g/L) 62
BOD5 (g/L) 55
Total solids (TS) (g/L) 91.2
Ammonia (g/L) 0.16
Total sugars (g/L) 19
Total phenolic compounds (g tannic acid/L) 5.5
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these thermophiles are considered as the first thermo-
philes isolated from olive mills wastes. In previous
studies, most researchers acclimate known bacteria to
utilize olive mills wastes rather than following the
procedure illustrated in this study [17–19]. For this
reason, the isolated strains are new and prefixes of
JT6, JT7, and JT8 will be added to denote B. polymaxa,
B. Maceramns, and B. popilliae thermophiles; respec-
tively. Other thermophiles of prefixes JT1 to JT5 were
previously isolated from Jordanian hot springs
[26,31,32]. As shown in Table 2, Gram staining indi-
cated that the three thermophiles are Gram positive.
The microscopic photo of B. polymaxa (JT6) shows that
this Gram-positive strain as the others is strictly aero-
bic, rod shaped organism and was motile. The cells
possessed endospore at the center. On solid media the
colonies were round.

4.2. Optimization of the growth conditions

After identifying the three isolates, a series of
experiments was conducted to examine the effects of

temperature, pH, and mass quantity of OMW (Zebar)
added to the medium in order to optimize their
growth conditions.

4.2.1. Effect of temperature

Several plates containing the three isolates were
incubated at different temperatures. The procedure of
culturing and subculturing mentioned above was
applied. It is evident that all the three thermophiles
showed a very good growth at temperature of 65˚C.
On the other hand, plates incubated at 80˚C showed a
relatively low growth.

Samples of the three thermophiles grown at 65˚C
were inoculated in the bioreactor. In each run, the bio-
reactor temperature was adjusted to a certain tempera-
ture. The pH was 7, and the medium contained 12 g
Zebar and 3 g Peptone/L. These batch experiments
were continued for 12 h in order to measure the maxi-
mum medium turbidity at each temperature. Fig. 2
shows the results of thermophiles growth at different
temperatures.

It is evident from Fig. 2 that the optimum tempera-
ture of growth of the three thermophiles is about
65˚C. The turbidity and consequently the cell dry den-
sity increase as the temperature increases until it
reaches a maximum. Then, the turbidity starts to
decrease until a minimum value of 80˚C. However,
Fig. 2 shows that JT8 thermophile had a higher
growth values than JT6 and JT7 at all temperatures.
At 64˚C, the thermophiles JT6, JT7 and JT8 had a cell
dry density of 2.7, 2.7, and 3 g/L, respectively. At
80˚C, these values were 1.1, 1.2, and 1.7 g/L, respec-
tively.

4.2.2. Effect of pH

The previous procedure was repeated at different
values of pH for the three thermophiles at 65˚C to
investigate the optimum pH for the cellular growth.
The results showed that the optimum pH was
between 6 and 7. The best growth for JT6, JT7, and
JT8 thermophiles was at a pH of about 6.4. Subse-
quently, samples of the three thermophiles grown at

Fig. 1. Calibration curves between cell dry density, ρd, vs.
both optical density, ρo, and cell count (Cc).

Table 2
Some properties of the Bacillus strains isolated from Jift

Strain Type Gram staining MacConkey agar EMB agar

C1 Bacillus polymaxa (JT6) +ve +ve +ve
C2 Bacillus Maceramns (JT7) +ve +ve +ve
C3 Bacillus popilliae (JT8) +ve +ve +ve
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pH 6.4 were inoculated in the bioreactor. In each run,
the acidity level of the broth inside the bioreactor was
adjusted to the desired pH value using 0.1 M NaOH.
The temperature was 65˚C, and the medium contained
12 g Zebar and 3 g Peptone/L. Again, these batch
experiments were continued for 12 h in order to mea-
sure the maximum medium turbidity at each pH
value. Fig. 3 shows the results of thermophiles growth
at different pH values.

Fig. 3 depicts that the optimum pH for growth of
the three thermophiles is about 6.4. The turbidity and
consequently the cell dry density increases as the pH
values increase until it reaches a maximum cell dry
density of 2.7, 2.74, and 3 g/L for JT6, JT7 and JT8;
respectively. Then, the turbidity started to decrease
until a minimum value at pH of 11 where the cell dry
density values fall to 0, 0.2, and 0.3 for JT6, JT7, and
JT8, respectively. Furthermore, JT7 showed no growth
at a pH of 4.

4.2.3. Effect of Zebar ratio in the broth

Several plates were prepared with different pro-
portions of Zebar to peptone as carbon sources in
order to examine the effect of Zebar concentration in
the medium and its inhibition to the cellular growth.
In all experiments, the temperature was 65˚C, the pH
was 6.4, and the agar percentage was 2 mass%. The
results indicate that all strains show good growth until
the concentration of Zebar reaches 9 g/L or 60% of
the total carbon sources. After that, the growth started
to decrease as a result of Zebar inhibition.

Batch experiments using liquid media were per-
formed using different proportions of Zebar. In all
experiments, the temperature was 65˚C and the pH
was 6.4. The results are shown in Fig. 4. It is clear
from Fig. 4 that low Zebar ratio in the carbon sources
has no adverse effect on the cellular growth. However,
when this ratio exceeds 60 mass%, the turbidity and
consequently the cell dry density sharply decrease.
When the Zebar mass ratio was 60%, the cell dry den-
sity for JT6, JT7, and JT8 were 4.8, 4.9, and 5 g/L,

Fig. 2. Effect of temperature on the growth, in terms of ρd,
of the three thermophiles cultured originally at 65˚C.

Fig. 3. Effect of pH on the growth, in terms of ρd, of the
three thermophiles cultured originally at a pH of 6.4.

Fig. 4. Effect of Zebar mass percent as a carbon source on
the growth, in terms of ρd, of the three thermophiles at
temperature of 65˚C and pH of 6.4.
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respectively. When the Zebar mass ratio reaches 100%,
the corresponding values were 0.2, 0.4 and 0.7 g/L;
respectively. This behavior could be attributed to the
negative effects of the polyphenols found in the Zebar
on the cellular growth. This also could be attributed to
another important factor related to the low nitrogen
and phosphorus content in the Zebar. These nutrients
are necessary for an adequate aerobic fermentation
process [11]. Accordingly, the Zebar should be diluted
before biodegradation if no pretreatment process is to
be used. In addition, sufficient amounts of N and P
should be added to the fermentation broth.

4.3. Batch growth of thermophiles on OMW

The results of traditional batch growth experiments
of the three thermophiles, B. polymaxa (JT6), B. Macera-
mns (JT7), and B. popilliae (JT8) are shown in Fig. 4.
The medium contains 12 g OMW and 3 g peptone per
100 mL.

It is evident from Fig. 5 that the batch growth
curves of the three isolates resemble the traditional
growth curve in batch cultures of other mesophiles.
This curve usually passes in six phases: lag, exponen-
tial, deceleration, constant, decay, and death phases.
However, there were some differences between the
three thermophiles in the extent of each phase. For
example, JT8 shows a very short lag phase of about
half an hour and a relatively long exponential one of
about 5 h and a short constant growth phase. On the

other hand, JT6 shows a relatively long lag phase of
about two hours and a short exponential phase of
three hours. Moreover, the growth of these thermo-
philes depends on Zebar and peptone concentrations
as main carbon sources. The Zebar usually has its nat-
ural content of polyphenols, but in diluted concentra-
tions of about 10 mass% of the crude Zebar, this
content of polyphenols is low to cause inhibition.
Accordingly, these strains show appreciable capabili-
ties for degrading natural or normal diluted Zebar.

On the other hand, and to evaluate the kinetic
parameters of the thermophiles growth in pure Zebar
as a whole carbon source, a set of batch experiments
were conducted using Zebar at different concentra-
tions; see Fig. 6. It is clear in Fig. 5 that the growth
and consequently the cell dry density increase as the
Zebar substrate concentration increases until a maxi-
mum value. It is evident from Fig. 6 that the three
thermophiles were able to grow on Zebar as a whole
carbon source. The cellular growth increases as Zebar
concentration increases from 1 to 8 g/L where it
reaches a maximum. The maximum cell dry density of
JT6, JT7, and JT8 were 3, 3.2, and 3.5 g/L, respectively.
At low substrate concentration, the thermophiles grow
with no inhibition according to Monod model
described by Eq. (8). The value of growth rate at each
Zebar concentration was calculated using the batch
growth curve in the exponential growth phase and
Eq. (2). Then, the Monod model described by Eq. (8)
was liberalized by the double reciprocal (Lineweaver-

Fig. 5. Batch growth curves in terms of ρd for the three
thermophiles on OMW at temperature of 65˚C, pH of 6.4,
and agitation speed of 250 rpm. The culture medium con-
tains 3 g peptone and 12 g Zebar /L.

Fig. 6. Effect of substrate (Zebar) concentration, S, as a car-
bon source on the cell dry density, ρd, of the three thermo-
philes at temperature of 65˚C, pH of 6.4, and agitation
speed of 250 rpm.
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Burk) plot method to obtain the model constants.
These constants are the maximum growth rate, μmax,
and Monod saturation constant, Ks, and they were
evaluated for the three strains. Fig. 7 shows the dou-
ble-reciprocal plot for the three thermophiles.

The values of the Monod model constants for the
three thermophiles obtained from Fig. 7 in addition to
other constants corresponds to Eqs. (4) and (6) are
summarized in Table 3.

In this part of research, Zebar is considered as one
compound rather than a solution containing several
different compounds of different chemical properties
including inhibition. For this reason, any adverse
effect of increasing Zebar concentration will be consid-
ered as a substrate inhibition. Actually, polyphenols
present in Zebar are the most effective inhibitors for
cellular growth. However, the relative polyphenol con-
centration to Zebar is constant throughout all experi-
ments.

Referring to Fig. 6, it could be noted that as the
Zebar concentration increases beyond 8 g/L, the cell
dry density sharply decreases due to inhibition. The
cell dry density of the three thermophiles reaches zero
when the Zebar concentration exceeds 18 g/L. This
substrate inhibition is a result of Zebar constituents of
polyphenolic compounds. The value of the substrate
inhibition constant KI was determined from a plot of
1/μ vs. S which will produce a straight line of slope
1/μmax and intercept of 1/(KI μmax). The values of KI

obtained from the corresponding slopes were 150, 142,
and 133 mg/L for JT6, JT7, and JT8 thermophiles,
respectively.

5. Conclusions

Three thermophilic bacteria were isolated from
olive mills solid wastes (Jift). These are B. polymaxa
(JT6), B. Maceramns (JT7), and B. popilliae (JT8). The
optimum growth temperature was about 65˚C and the
optimum pH was around 6.4. The thermophiles grew
on diluted Zebar as a whole carbon source. Inhibition
was recognized when Zebar concentration increased
beyond 8 g/L and fell to zero at 20 g/L. Therefore, a
pretreatment stage is recommended for Zebar prior to
a biological treatment stage in order not to impede
microbial activity. The growth kinetic parameters of
the thermophiles were investigated.
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Nomenclature
kd — death rate constant (h−1)
ks — half-saturation constant of growth kinetics (g/L)
KSI — equilibrium constant of the substrate inhibition

reaction (g/L)
S — substrate concentration (g/L)
X — cell concentration (g/L)
XC — cell concentration at the at the boundary point

between the exponential and deceleration
growth phase (g/L)

XM — maximum or theoretical cell concentration (g/L)

Fig. 7. Linearized plots used to obtain the model constants
μmax and Ks of Monod equation for the three thermophiles
at temperature of 65˚C, pH of 6.4, and agitation speed of
250 rpm.

Table 3
Kinetic parameters of batch Zebar biodegradation by three
thermophiles

Variable JT6 JT7 JT8

μmax; h
−1 0.80 0.82 0.85

Ks; g/L 1.40 1.36 1.30
τd; h 0.87 0.84 0.82
XC; g/L 2.65 2.70 2.90
XM; g/L 5.20 5.50 6.00
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t — time (h)
tC — time at the boundary between the exponential

and deceleration growth phase (h)

Greek symbols
μ — specific growth rate (h−1)
μmax — maximum growth rate (h−1)
τd — doubling time (h)
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