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ABSTRACT

This study evaluated the biodegradation kinetics of 2-hydroxybiphenyl (2-HBP) and
2,2´-dihydroxybiphenyl (2,2´-DHBP) with different initial concentrations range S0 (5–50mg/
L) using suspended cultures of Corynebacterium variabilis Sh42 with fixed initial biomass con-
centration X0 (315.8mg/L) in a series of batch experiments. The cultures followed substrate
inhibition kinetics. By fitting specific growth rates l (h�1) on suitable substrate inhibition
models, biokinetic constants that are necessary to understand the kinetics of biodegradation
process were evaluated by POLYMATH 6.1 software. Although Haldane and Yano and Koga
(2) biokinetic equations for substrate inhibition seem to be the best adequate expressions for
specific growth rates on 2-HBP and 2,2´-DHBP, respectively, an evident disagreement was
observed between experimental and simulated profiles for bacterial growth X (mg/L) and
substrate concentration S (mg/L). Correlation and simulation studies using a new proposed
model based on modified Haldane equation gave better results.

Keywords: Corynebacterium variabilis; Biodegradation; 2-Hydroxybiphenyl; 2,2´-Dihydroxybi-
phenyl; Kinetics; Modeling

1. Introduction

The toxicity of hyroxybiphenyls and substituted
hyroxybiphenyls has been exploited for many years in
antimicrobial preparations used as biocides for indus-
trial and agricultural purposes. The 2-Hydroxybiphenyl
(2-HBP) has been widely used in disinfectant and pre-
servative formulations, as an intermediate in the syn-
thesis of dyes, resins, and rubber [1] and as a fungicide
to control postharvest diseases of various fruits [2].
Hydroxylated biphenyls (HBPs) appear as major by-
products of the industrial synthesis of phenol and
dumping of the by-products on the production sites

leads to groundwater and surface water contamination
with HBPs at nearby location [1]. With the progress of
understanding the biological degradation pathways of
persistent pollutants, it becomes clear that HBPs are
key intermediates produced from multiple sources. For
example, they are produced from microbial metabolism
of biphenyl, dibenzofuran, fluorene, and carbazole [3].
Metabolism of many polycyclic aromatic compounds
(PACs) is blocked at some stage, and accumulation of
intermediates, especially mono, di, and trihyroxbiphe-
nyl, has been reported [4]. Furthermore, many reports
have shown that plants metabolize major environmen-
tal contaminants, such as polychlorinated biphenyls
(PCBs), to generate hydroxylated derivatives [5,6].
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Microbial degradation of 2-HBP and 2,2´-dihy-
droxybiphenyl (2,2´-DHBP) has become important to
researchers involved in the desulfurization of coal and
petroleum, since they are reported to be the end
products of the microbial desulfurization of dibenzo-
thiophene (DBT), a major sulfur-containing component
of fossil fuel [7–11]. Some previous studies have
indicated that final metabolite 2-HBP or 2,2´-DHBP of
DBT biodegradation via 4S pathway could inhibit the
microbial growth and DBT biodegradation [8,12]. The
2-HBP and 2,2´-DHBP produced through 4S-pathway
are reported to be further metabolized to benzoic acid
and salicylic acid, respectively, in complete minerali-
zation pathway [13,14].

HBPs are by-products which have been identified as
contaminants in almost every component of the global
ecosystem and they constitute a severe environmental
hazard because of their high toxicity. The concern about
persistence of HBPs in the environment is the driving
force for studies aimed at elucidating their bacterial
metabolism and environmental fate. Few studies report
that bacterial strains are able to use HBPs as sole carbon
and energy sources. Pseudomonas azelaica HB1 [15,16],
Comamonas testosteroni B-356 [17] and Corynebacterium
variabilis Sh42 [14] degrade 2-HBP and 2,2´-DHBP
through a meta-clevage pathway.

Mathematical modeling is helpful for understand-
ing the behavior of biological processes and predicting
the substrate concentration in the system. Many stud-
ies have been investigated on the kinetic modeling for
the biodegradation of phenols [18–25] and catechols
[26–28]. So far, to the best of our knowledge, no
reports have been published on the kinetic modeling
for the biodegradation of HBPs.

In this study, growth and biodegradation kinetics
for C. variabilis Sh42 on different initial concentrations
S0 (5–50mg/L) range of 2-HBP and 2,2´-DHBP in
batch systems were investigated. This work was also
aimed to fit different substrate inhibition models for
the studied initial concentration range of HBPs, to
determine the corresponding biokinetic parameters,
and to compare the goodness of fit for these models
to estimate the best-fit one. Mathematical expressions,
for modeling and simulating substrate (S mg/L) and
biomass (X mg/L) concentration profiles throughout
the time span of the batch experiments, were also
proposed and successfully applied.

2. Materials and methods

2.1. Chemicals

The 2-HBP and 2,2´-DHBP were purchased from
Sigma Chemical Company, USA. Acetonitrile (Ace)

and water (W) used for high-performance liquid chro-
matography (HPLC) analysis were of HPLC grade
and purchased from Aldrich. All other chemicals
employed in this study were of analytical grade.

2.2. Micro-organism

Bacterial strain, C. variabilis Sh42, used in this
study was previously isolated from hydrocarbon-pol-
luted water sample collected from El-Lessan Area of
Damietta River Nile Branch in Egypt for its ability to
degrade different PACs [14].

2.3. Media

Luria-Bertani (LB) medium used for obtaining bio-
mass was prepared according to Caro et al. [29].

Basal salts medium (BSM) with salinity value 3.1%
used for degradation studies was prepared according
to Piddington et al. [30].

2.4. Culture preparation

Cells were incubated at 30oC in LB broth medium
for 24 h in a shaking incubator (150 rpm). Cells were
harvested by centrifugation at 5,000 rpm for 15min,
then washed twice and re-suspended in BSM free of
any C-source for inoculation.

2.5. Kinetic experiments

Two series of four batch experiments were con-
ducted in 250mL Erlenmeyer flasks containing 100mL
BSM and 5mL of cell suspension (A600 0.2, approxi-
mately equivalent to initial biomass concentration of
X0 315.8mg/L). The initial pH was adjusted to 7. A
stock solution (75mg/L) of each of the studied HBPs
was prepared in ethyl ether, diluted according to the
required studied concentrations, and added individu-
ally under aseptic conditions to sterile BSM in a final
concentration (5–50mg/L). All experiments were car-
ried out for a period of 7d in an orbital shaking incu-
bator set at 150 rpm and 30oC. During the batch
experiments, samples were collected from each flasks
at designated time intervals to follow up change in
pH, bacterial growth, and 2-HBP and 2,2´-DHBP
removal. Specific growth rate l (h�1) was calculated
from a semi-natural logarithm plot of biomass concen-
tration vs. time in exponential phase for each initial
substrate concentration.

2.6. Mathematical modeling

2.6.1. Determination of kinetic parameters

Growth kinetics is an essential and mandatory
input for the design of any biological reactor, where
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microbial degradation is carried out. In order to
represent the growth kinetics on the studied sub-
strates (2-HBP and 2,2´-DHBP), the experimental
results of specific growth rate l (h�1) variation with
initial substrate concentration S0 (mg/L) were fitted to
eight biokinetic models, listed in Table 1. Biokinetic
constants that are necessary to understand the kinetics
of biodegradation process were estimated from the
obtained experimental results, using non-linear least
square algorithm provided by POLYMATH 6.1
software package.

2.6.2. Conventional modeling of cell growth and
substrate biodegradation kinetics

For batch biodegradation process, the following
differential equations (derived from mass-balance
considerations) are often used for describing both
biomass growth (X mg/L) and substrate (S mg/L)
consumption, when cell decay and intermediates
produced during the batch process are negligible [18].

Change in cell concentration can be described by:

dX

dt
¼ lX ð1Þ

Change in substrate concentration can be defined
by:

dS

dt
¼ �qX ð2Þ

where q (h�1) is the specific substrate degradation
rate.

The relation between q (h�1) and l (h�1) can be
approximately expressed by:

q ¼ l
YX=S

ð3Þ

The relationship between biomass formation and
substrate consumption can be approximately deter-
mined by the yield coefficient:

YX=S ¼ �dX=dt

dS=dt
¼ �dX

dS
¼ �X � X0

S� S0

ð4Þ

In order to estimate the cell growth and substrate
biodegradation profiles, simulating the dynamic
model given by Eqs. (1)–(4) together with the best fit
biokinetic model equation describing the dependence
of specific growth rate l (h�1) on the concentration of
each substrate (S mg/L) was done using Runge–
Kutta–Fehlberg algorithm for numerical integration of
the ordinary differential equations provided by POLY-
MATH 6.1 software.

2.7. Analytical techniques

Bacterial growth was monitored by optical density
O.D. (A600) using UV/Vis spectrophotometer (UNI-
CAM, model 8625) and non-inoculated BSM was used
as blank. The cell concentration was also calculated

Table 1
Biokinetic parameters obtained by different models

Model Substrate Parameters R2 RMSE

Aiba l ¼ lmax
Seð�S=KiÞ
KsþS [31] 2-HBP lmax = 0.044, Ks = 0.860, Ki = 102 0.995 3� 10�4

2,2´-DHBP lmax = 0.051, Ks = 1.520, Ki = 102 0.994 1� 10�4

Haldane l ¼ lmaxS
KsþSþðS2=KiÞ [32] 2-HBP lmax = 0.045, Ks = 0.894, Ki = 85.45 1.000 6� 10�5

2,2´-DHBP lmax = 0.053, Ks = 1.880, Ki = 69.69 0.989 2� 10�4

Monod l ¼ lmaxS
KsþS [33] 2-HBP lmax = 0.032, Ks = 1.948 0.859 2� 10�3

2,2´-DHBP lmax = 0.034, Ks = 0.563 0.203 2� 10�3

Moser l ¼ lmaxS
n

KsþSn [34] 2-HBP lmax = 0.089, Ks = 0.368, n=�0.443 0.999 1� 10�4

2,2´-DHBP lmax = 0.038, Ks = 1.4x10�8, n=�4.301 0.787 3� 10�4

Teissier l ¼ lmaxðeð�S=KiÞ � eð�S=KsÞÞ [35] 2-HBP lmax = 0.051, Ks = 0.165, Ki = 76.32 0.929 1� 10�3

2,2´-DHBP lmax = 0.044, Ks = 2.471, Ki = 134 0.968 3� 10�4

Webb l ¼ lmax
Sð1þS=KÞ

KsþSþS2=Ki
[35] 2-HBP lmax = 0.088, Ks = 1.203, Ki = 21.36, K= 5.523 0.993 3� 10�4

2,2´-DHBP lmax = 0.062, Ks = 2.891, Ki = 102, K= 25.45 0.963 3� 10�4

Yano and Koga 1 l ¼ lmaxS
SþKsþðS2=K1ÞþðS2=K2

2
Þ [36] 2-HBP lmax = 0.089, Ks = 2.164, K1 = 14.16, K2 = 7.6� 104 0.598 3� 10�3

2,2´-DHBP lmax = 0.087, Ks = 6.049, K1 = 22.06, K2 = 1� 104 0.390 1� 10�3

Yano and Koga 2 l ¼ lmaxS
SþKsþðS3=K2Þ [36] 2-HBP lmax = 0.038, Ks = 1.320, K= 83.35 0.993 3� 10�4

2,2´-DHBP lmax = 0.043, Ks = 0.784, K= 77.33 0.997 9� 10�5
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from a predicted relationship between A600 and dry
cell weight X (mg/L).

Liquid–liquid extraction for quantitative analysis
of residual HBPs was carried out by using ethyl ace-
tate as the extractant. After the extraction, ethyl ace-
tate layer was analyzed using HPLC model Waters
600E equipped with a UV detector model Waters 2487
(set at 254 nm) and C18 reversed phase column
(4.6� 250mm, 300 Å, 5l). The mobile phase was Ace:
W (40:60 v/v), flow rate was 1mL/min, and injection
volume was 2lL. Standard curves were established
for each of the studied compounds.

All experiments and measurements were done in
duplicates and arithmetic averages were taken
throughout the data analysis and calculations.

3. Results and discussion

Culture pH is reported to be important parameter
in degradation process [20]. The monitored pH values
in this study were between 7 and 6.5, and no pH
adjustment was required. The relatively high content
of mono- and di- basic phosphates in the BSM pro-
vided a good pH buffering capacity.

Loss due to abiotic process within the incubation
period in control flasks was negligible for 2-HBP and
2,2´-DHBP (data not shown).

By investigating cell growth and HBPs degradation
throughout the studied time span experiments, it was
found that C. variabilis Sh42 expressed no lag phases
in growth or biodegradation (BD) all over the studied
concentration range. This indicates the well adaptation
of Sh42 biodegrading enzymes towards the studied
HBPs, although of their toxicity. This may be attrib-
uted to the previous isolation and enrichment of Sh42
on 2,2´-DHBP [14]. Time to reach stationary phase
increased with increasing initial HBPs concentrations.
For relatively low initial HBPs concentrations (5 and
10mg/L), after the occurrence of the highest growth
peaks at 36 h and 48 h for 2-HBP and 48 h and 60 h for
2,2´-DHBP, respectively, continuous decrease in bio-
mass concentration was observed. The presence of
toxic intermediate compounds, and/or the depletion
of the HBPs (C-source) required for growth, may be
the reason for low sustainability of the micro-organ-
ism. While for relatively high initial HBPs concentra-
tions (25 and 50mg/L), maximum growth was
occurred at 72 and 120 h for 2-HBP and 108 and 144h
for 2,2´-DHBP, respectively, and remained nearly sus-
tained till the end of incubation period. The maximum
biomass yields of these bioprocesses were also found
to decline with increase in initial substrate concentra-
tion recording (277, 178, 153, and 59) and (316, 167,
149, and 56) for initial substrate concentration of 5, 10,

25, and 50mg/L, 2-HBP and 2,2´-DHBP, respectively.
This may be because more energy is required to over-
come the effect of substrate inhibition at high concen-
trations of HBPs. In addition, the production and
accumulation of various intermediates may be respon-
sible for the decrease in cell mass yield [37]. In such a
case, conventional approaches of modeling based on a
constant biomass yield will not be valid if a single
model was to be applicable over the entire studied
concentration range of HBPs.

It was also observed that the BD efficiencies of C.
variabilis Sh42 decreased with increase in initial sub-
strate concentration. The majority of biodegradation
took place during exponential phase. For 2-HBP, com-
plete removal of 5 and 10mg/L was achieved after 48
and 96h, respectively, while 91 and 83% removal
occurred after 168 h at S0 25 and 50mg/L. Rate of
degradation of 2,2´-DHBP was less than that of 2-
HBP, where complete removal of 5 and 10m/L was
achieved after 96 and 108h while 92 and 86% removal
was achieved after 168 h at S0 25 and 50mg/L, respec-
tively. There is an obvious time lag between reaching
maximum growth and maximum degradation. This
could be attributed to the biodegradation process
itself, which might produce toxic metabolites to the
cells and/or intermediates on which growth occurred
instead of the initial substrate.

3.1. Determination of kinetic growth parameters

In order to optimize the concentration range of
each studied compound for which the exponential
growth rate of C. variabilis Sh42 is the highest. The
specific growth rates (l, h�1) corresponding to each
studied concentration of 2-HBP and 2,2´-DHBP were
determined and fitted in the eight substrate inhibition
models listed in Table 1. The variation of experimental
l (h�1) as a function of initial HBPs concentrations
S0 (mg/L) and the fitted curves, by applying the eight
biokinetic models, is represented in Figs. 1 and 2 for
2-HBP and 2,2´-DHBP, respectively.

Results, as represented in Figs. 1 and 2, revealed
that, Sh42 exhibited an increasingly inhibitory
response to the substrate initial concentrations. The
specific growth rate of Sh42 reached its maximum at
S0 of 5mg/L and 10mg/L for 2-HBP and 2,2´-DHBP,
respectively. After which sharp decline occurred in
case of 2-HBP and gradual one occurred in case of
2,2´-DHBP. This indicates the intense toxicity of the
studied HBPs.

Absolute values of the optimized kinetic parame-
ters for various models along with both correlation
coefficient (R2) and root-mean-square error (RMSE)
between experimental and predicted specific growth
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rate values are listed in Table 1. Optimization of these
biokinetic parameters are highly sensitive to their ini-
tial guess values required as input during regression
analysis. Improper initial guess values may result in
inaccurate values of the parameters, which in turn
change the accuracy of simulated cell growth and sub-
strate degradation profiles. Therefore, in this study
sensitivity analysis for the estimation of these initial
guess values was carried out.

From Figs. 1 and 2 and according to values of both
R2 and RMSE, it was observed that, between the eight
different models, Haldane model for 2-HBP and Yano
and Koga 2 model for 2,2´-DHBP provide best fit for
experimental data with highest R2 (1.0 and 0.997,
respectively) and least RMSE value (6� 10�5 and
9� 10�5, respectively). Accordingly, these models may
be proposed as the kinetic models to describe the batch
HBPs biodegradation behavior of C. variabilis Sh42.

To estimate the degree of toxicity of 2-HBP and
2,2´-DHBP on C. variabilis Sh42, Haldane model, the
most widely used model, was applied. The two
biokinetic constants are: Ki, the inhibition constant, is a
measure of sensitivity by inhibitory substances and Ks,
half-saturation constant, is defined as the substrate

concentration at which l equals to half lmax. Since the
studied HBPs expressed inhibitory effects on Sh42,
thus according to Nuhoglu and Yalcin [18], if the
substrate is inhibitory it is not possible to observe an
actual lmax. Thus, Ks could be taken on a hypothetical
meaning. It can be shown that Haldane equation will
go through maximal value dl=ds ¼ 0, at substrate
concentrations S⁄mg/L (for inhibitory substrates, it is
the concentration at which the micro-organisms

exhibited their maximum utilization rate, S� ¼ ffiffiffiffiffiffiffiffiffiffi

KsKi

p
),

and the l value corresponding to this concentration,
l� ¼ lmax

2ð
ffiffiffiffiffiffiffiffiffi

Ks=Ki

p
Þþ1

. This reflects that the degree of

inhibition is determined by Ks/Ki ratio and not just by
Ki alone. The larger the Ks/Ki is, the smaller the l⁄

(h�1) relative to lmax, and thus lower the degree of
inhibition. From the results listed in Table 1, it can be
concluded that, the maximum specific growth rate on
2,2´-DHBP (lmax 0.053 h�1) was greater than that of
2-HBP (lmax 0.045 h�1). Considering the fact that Ks

(mg/L) is inversely proportional to the affinity of the
microbial system for the substrate [38], Sh42 showed
higher affinity to 2-HBP (Ks 0.894mg/L) than that of
2,2´-DHBP (Ks 1.88mg/L). The S⁄ for 2-HBP was

µ 
h-

1

So mg/L

µ 
h-

1

So mg/L

Fig. 1. Experimental (symbols) and predicted (lines)
specific growth rates of C. variabilis Sh42 on 2-HBP.

Fig. 2. Experimental (symbols) and predicted (lines)
specific growth rates of C. variabilis Sh42 on 2,2´-DHBP.
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smaller than that of 2,2´-DHBP (8.21 and 11.45mg/L,
respectively). The Ks/Ki ratio of 2-HBP is smaller than
that of 2,2´-DHBP (0.01 and 0.027, respectively) and
the corresponding l⁄ (2.58x10�3 and 2.22x10�3, respec-
tively). These data indicated that the toxicity and inhi-
bition effects of 2-HBP on Sh42 are higher than those
of 2,2´-DHBP.

3.2. Simulation with conventional models

The rate of substrate consumption is the most
important measure of microbe performance. For mod-
eling growth and substrate concentration change with
time, simulating model described by Eqs. (1)–(4) with
Haldane and Yano and Koga 2 biokinetic model equa-
tions for 2-HBP and 2,2´-DHBP (Table 1), respectively,
was done. Simulations were performed for each stud-
ied initial HBPs concentration. Initial biomass concen-
tration X0 was 315.8mg/L. The kinetic constants of

both Haldane and Yano and Koga 2 model equations
used in simulations (lmax 0.045 h�1, Ks 0.894mg/L,
and Ki 85.45mg/L) and (lmax 0.043 h�1, Ks 0.784mg/
L, and the positive constant K 77.33mg/L), respec-
tively, were those obtained from experimental data.

The change of measured and simulated biomass
and HBPs concentrations with time is shown in Figs. 3
and 4. It is clearly seen from Fig. 3 that, although the
Haldane biokinetic equation for substrate inhibition
represents the best adequate expression for specific
growth rate l (h�1) of Sh42 on 2-HBP, an evident dis-
agreement was observed between measured and sim-
ulated profiles for cell growth and substrate
degradation at different initial concentrations. But for
2,2´-DHBP, it is well observed from Fig. 4 that Yano
and Koga 2 model is fairly adequate to reflect the
growth and biodegradation profiles of Sh42 on rela-
tively low initial 2,2´-DHBP concentration (5 and
10mg/L). However, when S0 higher than 10mg/L
was applied, the Yano and Koga 2 model has began

Fig. 3. Experimental (symbols) and simulated (lines)
growth and biodegradation profiles of C. variabilis Sh42 on
different initial concentrations of 2-HBP.

Fig. 4. Experimental (symbols) and simulated (lines)
growth and biodegradation profiles of C. variabilis Sh42 on
different initial concentrations of 2,2´-DHBP.
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to fail. For S0 25 and 50mg/L, the Yano and Koga 2
predicted shorter complete degradation and higher
bacterial growth than the measured ones.

This evident disagreement between measured and
predicted profiles may be adjusted by using different
sets of model parameters. But, it is appropriate to use
one set of model parameters in any modeling effort.
Accordingly, certain modification has been proposed
by Nuhoglu and Yalcin [18] to overcome this dis-
agreement between experimental and simulated pro-
files, by introducing cell decay rate coefficient b
(0.001 h�1) into Eq. (1) and describing the change in
cell concentration to be in the following form:

dX

dt
¼ lX � bX ð5Þ

where value of b was obtained by trial and error
method.

The established kinetic equations, Haldane and
Yano and Koga 2 for 2-HBP and 2,2´-DHBP, respec-
tively, were used to substitute specific growth rate l
(h�1) in Eq. (5). Still an evident disagreement between
measured and simulated profiles was observed with
an average maximum percentage deviation of 22 and
44% for cell growth and 63 and 67% for substrate deg-
radation, respectively.

3.3. Simulation with a new proposed model

Haldane equation has been used widely to
describe cell growth kinetics on inhibitory substrates.
This equation has been also often used for the predic-
tion of substrate degradation rate by assuming a con-
stant cell mass yield. It has been pointed out in the
preceding discussion that the apparent yield coeffi-
cient for biomass is affected by initial HBPs concentra-
tions. Additionally, during biodegradation of HBPs
with C. variabilis Sh42, various metabolic intermediates
are produced and accumulated [14]. Introducing the
effect of these intermediates into the model equations
would make the model complicated. Moreover, ana-
lytical determination of each intermediate would be
difficult. However, assuming that the concentration of
intermediates is proportional to the removal amount
of substrate [18,37], therefore, the degraded amount of
HBPs can be reasonably used to represent the concen-
tration of intermediates. So, in order to consider the
effect of these intermediates on HBPs degradations
rate and to extend the model over a wide range of
initial substrate concentrations, a new proposed model
based on modified Haldane Eq. (7) describing the
micro-organism concentration change is proposed.

The new proposed mathematical model is described
by the following equations:

Cell concentration change:

dX

dt
¼ lX � b0X ð6Þ

By dividing the time span of the biodegradation
process into subintervals, according to the assumption
of the production and accumulation of metabolic
intermediates during the process, the decay rate coef-
ficient b´ (h�1) is changed for these subintervals
according to logical IF statements included in the
implemented computer program.

The q (h�1) and l (h�1) are related to each other as
represented previously in Eqs. (3) and (4), where l
(h�1) is represented by modified Haldane equation:

l ¼ l0
maxS

K0
s þ Sþ fðiÞ ð7Þ

where f(i) represents the functional relationship of
effect of metabolite intermediates on HBPs biodegra-
dation process. The f(i) is analogous to substrate inhi-
bition term S2=Ki in classical Haldane equation
Table 1.

f(i) is expressed as follows:

fðiÞ ¼ ðS0 � SÞ2
K0

i

ð8Þ

These equations are coupled with Eq. (2), describ-
ing the change in HBPs concentration with time.
Since, the kinetic model of Yano and Koga 2 has no
substrate inhibition term ðS2=KiÞ, so, the new pro-
posed model was applied for both 2-HBP and
2,2´-DHBP. This is due to the fact that Haldane equa-
tion takes care of the values of inhibition constant Ki,
which is an important parameter in understanding the
kinetics of the micro-organism in the system.

The resulted simulated profiles of the new pro-
posed model for 2-HBP and 2,2´-DHBP are presented
in Figs. 3 and 4, respectively. It is well observed that
the evident disagreement between measured and sim-
ulated profiles for cell growth and substrate concen-
trations is overcome and adjusted by using model
parameters obtained using non-linear regression algo-
rithm available in POLYMATH 6.1 (l0max 0.041 h�1, K0

s

1.06mg/L, and K0
i 87.95mg/L) and (l0max 0.054 h�1, K0

s

4mg/L, and K0
i 61.53mg/L) for 2-HBP and 2,2´-DHBP,

respectively. While adjusting the interactive change-
able biomass decay rate coefficient b’, it was found to
be in the range (0.0001–0.007 h�1). The average maxi-
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mum percentage deviation reached 6.2 and 7.2% for
cell growth and 11 and 10.2% for substrate degrada-
tion in the case of 2-HBP and 2,2´-DHBP, respectively.
Fig. 5 represents the experimental and calculated
values of maximum degradation rate (rmax, mg/L/h)
and maximum biomass yield, which confirmed the
adequacy of the new proposed model for estimating
cell growth and degradation rates of C. variabilis Sh42
on the studied concentration range (5–50mg/L) of
HBPs.

4. Conclusions

C. variabilis Sh42 can utilize 2-HBP and 2,2´-DHBP
as sole carbon source over the studied range of initial
concentrations (S0 5–50mg/L). The growth kinetics of
C. variabilis Sh42 does not follow a simple Monod’s
kinetics. Substrate inhibition is exhibited in batch
experiments. By fitting specific growth rates l (h�1)
on eight substrate inhibition models, biokinetic con-
stants that are necessary to understand the kinetics of
biodegradation process were evaluated, which con-
firmed good tolerance, growth, and degradation capa-

bilities of Sh42 on the studied concentration ranges of
2-HBP and 2,2´-DHBP. Although, Haldane model for
2-HBP and Yano and Koga 2 model for 2,2´-DHBP
provide best fit for experimental data of specific
growth rate l (h�1) with highest R2 (1.0 and 0.997,
respectively) and least RMSE value (6� 10�5 and
9� 10�5, respectively). An evident disagreement was
observed between experimental and simulated profiles
for bacterial growth X (mg/L) and substrate concen-
tration S (mg/L). By introducing a constant cell decay
rate coefficient b (0.001 h�1), still an evident disagree-
ment between measured and simulated profiles was
observed with average maximum percentage devia-
tion of 22 and 44% for cell growth and 63 and 67% for
substrate degradation, respectively.

From the quantitative discussion of modeling rela-
tionship between cell growth rate and substrate con-
sumption rate, it was found that the direct coupling of
substrate consumption rate with the cell growth
model is warranted only under certain conditions (e.g.
constant cell yield). However, for HBPs degradation
over a wide range of initial substrate concentrations,
the cell mass yield was found to vary. Variations of
the biomass decay rate coefficient during the time
course of batch experiment were found to exert a
great influence on biodegradation process, with the
assumption of existence of some metabolic intermedi-
ates that would exert some inhibition on HBPs degra-
dation. Correlation and simulation studies using a
new proposed model based on modified Haldane
equation were established and these factors were
taken into consideration in the proposed HBPs degra-
dation model. The proposed model is capable of
describing growth and HBPs degradation profiles very
well over the studied initial HBPs concentrations (5–
50mg/L). The average maximum percentage devia-
tion reached 6.2 and 7.2% for cell growth and 11 and
10.2% for substrate degradation in the case of 2-HBP
and 2,2´-DHBP, respectively.

The approaches of modeling and simulation for
the experimental results obtained in this work are
considered to be essential in order to facilitate
understanding the biodegradation processes of
contaminants under study for better achievement of
biotreatment of contaminated sites and industrial
effluents. Since biological treatments are preferred for
large-scale removal of organic pollutants.

Further work is now undertaken in Egyptian Petro-
leum Research Institute Biotechnology Laboratory to
determine and study the effect of intermediates
produced during biodegradation processes of 2-HBP
and 2,2´-DHBP, proposing new mathematical models
that explicitly takes into account the change in metabo-
lites and biomass concentrations throughout the time
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Fig. 5. Comparison between experimental (symbols) and
calculated (lines) values of maximum degradation rate and
yield.
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span of the biodegradation processes over wide range
of substrate concentration (5–500mg/L).

List of symbols

b — biomass decay rate coefficient, h�1

b´ — interactive changeable biomass decay rate
coefficient, h�1

K — positive constants, mg/L

Ki — substrate inhibition constant, mg/L

Ks — substrate affinity constant, mg/L

n — empirical constant

q — specific degradation rate, h�1

qmax — maximum specific degradation rate, h�1

S — substrate concentration at time t, mg/L

S0 — initial substrate concentration, mg/L

t — time, h

X — biomass concentration at time t, mg/L

X0 — initial biomass concentration, mg/L

YX/S — yield (g biomass/g substrate)

l — specific growth rate, h�1

lmax — maximum specific growth rate, h�1
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