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Abstract Biodesulphurisation was investigated by
using Enterobacter sp. D4, which can selectively
desulphurise and convert dibenzothiophene into 2-hy-
droxybiphenyl (2-HBP). The experimental values of
growth, substrate consumption and product generation
were obtained at 95 % confidence level of the fitted
values using three models: Hinshelwood equation,
Luedeking—Piret and Luedeking—Piret-like equations.
The average error values between experimental values
and fitted values were less than 10 %. These kinetic
models describe all the experimental data with good
statistical parameters. The production of 2-HBP in
Enterobacter sp. was by “coupled growth”.
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Introduction

SO,, which is abundant in the combustion of fossil
fuels, can trigger acid rain and cause health, environ-
ment and economy problems. It is better to remove
sulphur from fossil fuels as much as possible.
Although most sulfur in fossil fuels can be removed
easily by post-combustion methods, it is still very
difficult to remove refractory organic sulfur. Biode-
sulphurisation (BDS) shows many advantages in the
removal of refractory sulfur, such as mild experimen-
tal conditions, low costs, and little or no energy loss
after treatment, etc. (Soleimani et al. 2007), compared
with conventional physical and chemical processes.
Dibenzothiophene (DBT) is one of the common model
compounds in BDS (Bhatia & Sharma 2010) and is
desulphurised through a sulphur-specific pathway
called the “4S pathway” (Prayuenyong 2002).

Although Rhodococcus IGTS8, Rhodococcus ery-
thropolis SHT87 (Fatemeh et al. 2010; Baek et al.
2002), and Gordonia alkanivorans RIPI90A (Li et al.
2008) are extensively studied examples, other micro-
organisms can also catalyse DBT desulphurisation.
These include Microbacterium sp. NISOC-06 (Papi-
zadeh et al. 2010), Pseudomonas putida CECT 5279
(Caro et al. 2008a), Mycobacterium sp. (Ishii et al.
2005) and Bacillus subtilis (Kirimura et al. 2001).
Pantoea agglomerans D23W3, isolated and classified
under Enterobacteriaceae, could also remove
26-71 % of sulphur from different petroleum oils
(Bhatia & Sharma 2010).
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BDS is limited by substrate and product inhibition
which influence microbial growth, the reaction rate
and efficiency of the BDS process (Caro et al. 2008a).
Growing cells of P. putida CECT 5279 followed the
Haldane kinetic model in the desulfurization of DBT
(Caro et al. 2008b). More research should be con-
ducted to determine the main limitations that decrease
the yield of BDS kinetic models and also the
mechanism by which these parameters affect BDS.

In our previous study, a novel bacterium, isolated from
a coal mine, was identified as Enterobacter sp. (Guo et al.
2012). It could selectively remove sulphur from DBT.
The present study aimed to perform desulphurisation
dynamics with it. The three main rates of substrate
consumption, product generation and bacterial growth
were investigated. The kinetic parameters (including,
Hnaxs Ko Ky, 0, B, Yyss, m and Y, 5) were determined and
BDS kinetic models were also established.

Materials and methods
Chemicals

Dibenzothiophene (99 %), 2,6-dichloroquinone-4-
chloroimide (Gibbs’ reagent) and 2-hydroxybiphenyl
(2-HBP, 98 %) were purchased from J&K Scientific.
Other reagents were of analytical grade and were
obtained from various commercial sources.

Microorganism and medium

Enterobacter sp. D4 was grown in basal salt medium (BSM)
at pH 6.8 which had the following composition (g 17"):
KH,PO, 2.5, NaH,PO4-2H,0 2, NH,CI 2, MgCl,-2H,0
0.2, glycerol 4, microelements solution 1 ml, DBT 0.1 mM
(Caro et al. 2008a, b). DBT was originally dissolved in
ethanol at 20 mM and added from this stock solution. The
culture conditions were 100 ml medium in a 250 ml flask at
30 °C with shaking at 175 rpm for 72 h.

Analytical methods

Biomass

Cell dry weights were determined from the ODggyg
values. Uninoculated medium was used as a blank. DBT

and 2-HBP Gibbs’ assay was conducted to detect the
conversion of DBT to 2-HBP by the bacteria (Bhatia &
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Sharma 2010). The decrease in DBT concentration was
detected by measuring As3o (Xu et al. 2002).

Theoretical analysis
Growth model of Enterobacter sp. D4

In the 4S pathway of BDS, 2-hydroxybiphenyl (2-
HBP) and sulfate are directly used as sulfur sources for
cell growth, and are not formed as secondary metab-
olites of bacterial fermentation. Consequently, in
organisms using this pathway, cell growth is directly
associated with substrate consumption and is inhibited
by 2-HBP accumulation. Although the mechanisms of
metabolite inhibition are not always clear, inhibition
kinetics can be described by approximate expressions.
For instance, inhibition in fermentative processes is
described by the Hinshelwood model (Ma et al. 2006),
in which the growth kinetics of D4 cells is governed by

c,
dt

uC (1-KpCp)Cx (1)

S
X = Hmax m
where, W,,.. 1 the maximum specific growth rate
(h™"); K, is the saturation constant (the concentration
at which the specific growth rate is half of the
maximum specific growth rate, mM) and Kp is the
product inhibition constant (mM).

Dynamic model of product formation by Enterobacter
sp. D4

Products formed during cell growth are categorised
into three groups: (1) products related to cell growth;
(2) products partly related to cell growth; (3) products
unrelated to cell growth. This concept was summa-
rized by Luedeking and Piret, who proposed the
Luedeking—Piret equation (Ma et al. 2006):

dc,  dC,
a -~ Var
where « is the product synthesis constant coupled to
the cell growth rate and f is the product synthesis
constant coupled to the number of grown cells (h™").

+ BC: (2)

Dynamic model of substrate consumption
of Enterobacter sp. D4

In the 4S pathway of BDS, the intermediate metabolite
slightly accumulates, and the substrate is transformed
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to a metabolic end product called 2-HBP sulfate.
During fermentation, substrate is primarily consumed
for cell growth, metabolite accumulation and cell
maintenance. Therefore, the substrate consumption
rate can be represented by a Luedeking—Piret-like
equation:

_dCs 1 dCy

n 1 dCp
— = —+m
dt Yxs dt

& 3
X+YP/S dt ()

where Y,/ is the yield per unit substrate used during
growth (mmol g~ '), m is the cell maintenance coef-
ficient (hfl), and Y, is the yield of the accumulated
product per unit substrate.

Analytical methods

For 2-HBP analysis, the BDS culture supernatant
(1 ml) was obtained and incubated in 80 pl Gibbs’
reagent (1 g Gibbs’ reagent in 1 1ethanol) at 30 °C. A
change in colour from blue to purple after 30 min at
room temperature indicated a positive reaction. The
reaction was also monitored at Ago against a blank
containing no DBT. For DBT analysis, 5 ml culture
was mixed with an equal volume of ethyl acetate. The
mixture was shaken and then centrifuged (15,000x g,
5 min). The supernatant fluid was assayed at Az; for
the evaluation of the DBT content.

Temporal changes in dry cell weight (DCW C,,
g 1_1), 2-HBP concentration (Cp, mM) and DBT
concentration (Cs, mM) were evaluated from samples
collected at 6 h intervals. All measurements were
conducted in triplicate. The derivatives at each time
point were approximated by the quotient of the
average difference between the values at two time
points and the time interval. Data are reported as
means =+ standard deviations of triplicates.

To obtain the kinetic parameters, the experimental
data were non-linearly fitted via the least squares
method and Gauss—Newton method modified by the
Levenberg—Marquart algorithm in MATLAB soft-
ware. The desulfurisation kinetic models of Entero-
bacter sp. D4 were obtained by substituting the
parameter estimates into Eqgs. (1)—(3). To obtain the
fitted temporal dynamics of 2-HBP production and
DBT consumption, these kinetic models were then
numerically solved by the fourth- and fifth-order
Runge—Kutta method implemented in MATLAB.

Results

The temporal changes in 2-HBP (C,, mM) and DBT
(C;,, mM) concentrations were determined from
experimental data of dry cell weight (Cy, g 17") listed
in Table 1, as described in Methods. The results of
non-linear fitting are summarised in Table 2. Substi-
tuting the estimated parameters in Table 2 into
Egs. (1)—~(3), we obtained the following desulfurisa-
tion kinetic models of Enterobacter sp. D4.

dcC, Cs
—0.16—— (1 -21.6Cp)C 4
dr 0.0005 1 C5 { P)Cx @
dCP dCX
=P 0.025=X — 0.00002C, 5
dt dt ®)
dCs dCy dCp

—— =0.0159—= + 0.00004C 0.336 —
dt dt + x+ dt

(6)

The fitted and experimental evolutions of bacterial
biomass, 2-HBP concentration and DBT concentra-
tion are plotted in Fig. 1. The experimental data points
are mainly observed within the 95 % confidence
intervals of the fitted curves. The goodness-of-fit (RZ)
values of the curves fitted to the strain growth, product
formation and substrate consumption models were
0.9813, 0.9691 and 0.9691, respectively.

Relative error analysis between the experimental
and fitted values of the variables (i.e., Cy, Cp and Cy)
revealed general similarity between the experimental
and fitted values (10 %), (Table 3). The Hinshelwood,
Luedeking—Piret and Luedeking—Piret-like equations
adequately describe the desulfurisation dynamics, and
the parameters are accurately determined for each
model.

The kinetic parameters of substrate consumption,
Y Yo and m, were 62.9, 2.97 mmol g_1 and
0.00004 h™', respectively. The strong relationship
between bacterial growth and substrate consumption
(Fig. 2)is consistent with the results of the kinetic model
of substrate consumption (Y, = 62.9 mmol g_l).
From the association between desulphurization product
and growth (Fig. 2a), we find that the fitting parameter o
(0.02) exceeds S (0.00002 hfl). Based on Gaden’s
description of product formation kinetics (Gaden 1959),
we classify product generation by the Enterobacter
strain as Fig. 2 “coupled growth”. The temporal
dynamics of the relationship between product formation
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Table 1 E)Fpe'rimental Time DCW 2-HBP DBT % % %
dovatives ® @D M M) (107 (x10h  ( 10)
0 0.02 0.0 0.10 0.94 4.67 —438
6 0.23 0.0028 0.092 2.04 6.17 -8
12 0.53 0.0074 0.091 347 533 —6.6
18 1.06 0.013 0.084 6.66 9.83 —147
24 1.61 0.030 0.073 11.68 1875 ~26.1
30 1.97 0.038 0.058 9.96 19.43 —21.1
36 234 0.042 0.048 437 9.58 ~10
42 2.54 0.043 0.046 2.72 3.0 -75
48 2.66 0.045 0.041 1.65 2.17 —6.5
DCW dey cell weight, €. 54 2.74 0.046 0.038 033 0.75 —0.49
experimental data of dry 60 2.70 0.046 0.038 —0.37 0.583 -5
cell weight, C, 2-HBP 66 2.70 0.046 0.038 ~0.48 0.583 ~0.33
concentration, C; DBT 72 2.65 0.047 0.037 —0.43 0.25 ~0.25

concentration

Table 2 Parameters of dynamic fermentation model

Hinax Ks Kp o ﬁ 1/Yx/s 1/Yp/s m
™ (mM) (mM) i) (™
0.16 0.0005 21.6 0.02 0.00002 0.0159 0.336 0.00004

Y. is the yield of biomass per unit substrate used during growth (mmol g~ "), m is the cell maintenance coefficient, Y, is the yield of
the accumulated 2-HBP per unit substrate (mmol g™ "), o is the product synthesis constant, f is the product synthesis constant, £y,
K, K, are bacterial growth parameters

and biomass in the exponential growth phase were then dcC,

linearly fitted for further analysis (Fig. 2b). This result ar M Cx = Hinax
indicated an association between bacterial growth and
product formation, again consistent with the kinetic

model of product formation.

Cs

— (1 = KpCp)C
KS+CS( PP)X

In a similar manner, Ma et al. (2006) obtained
0.144 h' and 3.88 g 17" for the fi,,, and Kp values.
Microbial growth and BDS production were signifi-
cantly inhibited by DBT reduction and 2-HBP accu-
mulation. Caro et al. (2008a) proposed an enzymatic
kinetic model with competitive inhibition in which the
BDS dynamics were described by the Michaelis—
Menten equation. They reported that BDS production
was severely inhibited by accumulation of the 2-HBP.
Hence, bacterial tolerance should be encouraged by
improving the bacterial strain and biocatalyst effi-
ciency in continuous reactors.

Discussion
Growth characteristics

The bacterial growth parameters were (,,,, = 0.16 -
h™', K, = 0.5 pM and K, = 21.6 mM, indicating that
the bacteria grew well in the presence of 0.1 mM DBT
with minimal interference by substrate inhibition.
Martin et al. (2004) studied the influence of the growth
media composition on the growth and biomass pro-
duction rates of Pseudomonas putida CECT 5279.
Assuming the following growth kinetic model, they
obtained f,,,, were less than 0.4 h~! for this strain:

Desulfurisation characteristics
The kinetic parameters of substrate consumption

indicated that substrate is dominantly consumed for
cell growth and product synthesis. The maintenance
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Fig. 1 Comparison between fitted and actual values in the
dynamic models a Bacterial concentration, b DBT consump-
tion, and ¢ 2-HBP production. All data are plotted as functions of

Solid round

time in the fermentation dynamics model.

Table 3 Comparison

2-HBP (mM)

0.06
0.05 | b AAAAAAAAAAAAAALLLMLL
AAA .....}*A‘!MOM
Y
0.04 - AA q/ vvvvvvvvvvvvvvvvvww
A v'
0.03 - ,A’ v
R/l
A/
0.02 Ny

Ao
0.01 | Pk
MA .o/
/,/

—e— ftitted curve
—a— 95% confidence low interval
—v— 95% confidence high interval

v —x*— actual curve
-0.01 1 1 1 1 1 1 1
0 12 24 36 48 60 72
time/h

represents fitted curve; Solid triangle represents 95 % confi-

dence low level;

Solid inverted triangle represents 95 %

confidence high level; Asterisk represents actual curve

Time DCW (g17") 2-HBP (mM) DBT (mM)
between fitted and (h)
experimental values of the E-V F-V  Error (%) E-V F-V Error (%) E-V F-V Error (%)
three kinetic models
0 002 002 0 0 0 0 01 0.1 0
6 023 0248 7.54 0.0028 0.0030 —5.92 0.092 0.097  4.65
12 053 0571 871 0.0074 0.0093 —43.6 0.091 0089 127
18 106 1.1 3.09 0013 002  —50 0.084 0077 838
24 161 168 417 003 0031 —541 0073 0064 124
30 197 209 577 0.038 0039 —321 0.058 0054 6.63
36 234 23 145 0.042  0.043  —4.05 0.048 0.049 257
42 254 24 54 0.043 0045 —4.16 0.046 0.046 02
48 266 245 799 0.045 0046 —1.02 0.041 0.0444 9.7
Fitied data were derived 54 274 248 952 0.046 0.046 —0236  0.038 0043 137
from the three kinetic 60 27 25 759 0.046 0046 0217 0.038 0042 118
equations [Egs. (4)~(6)] 66 27 251 67 0.046 0046 1 0.038 0042 98
E-V Experimental values, 72 265 253 429 0.047 0.046 161 0.037 0.041 838

F-V Fitted values
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Fig. 2 Comparison of the fitted lines of bacterial growth and
product synthesis a product synthesis; Solid hexagon represents
fitted line curve of growth D4; Solid square represents fitted line
curve of DBT consumption. b Substrate consumption from 24 to

cell coefficient (m) was very low (0.00004 h Y,
demonstrating that the bacteria obtain maintenance
energy from carbon sources other than DBT. This
implies that the Enterobacter strain selectively oxi-
dises sulfur atoms in DBT without cleaving the C-C
bonds, thereby maintaining the caloric energy (Pray-
uenyong 2002).

Conclusions

We have modelled the BDS characteristics in a
fermentative Enterobacter strain D4. The dynamics
were well-described by kinetic models based on the
Hinshelwood and Luedeking—Piret equations. These
models reasonably fitted the experimental data and
yielded good statistical parameters. Bacterial growth
was synchronous with 2-HBP production. Kinetic
parameter analysis revealed that DBT and 2-HBP
inhibited bacterial growth and BDS production to
different extents. Hence, the relationship between
microbial growth and metabolic products could be
adequately described by a growth coupling model.
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