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h i g h l i g h t s

� Developed kinetic and reactive transport model for Pseudomonas putida in porous media.
� Parametric values for kinetic model are determined from experimental observations.
� pH affects sucrose and biosurfactant concentration than microbe during its transport.
� At pH 7.5, biosurfactant concentration is higher and it favours more oil recovery.
� Higher resident time of slug and lesser Sw within reservoir improves oil recovery.
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a b s t r a c t

pH and resident time of injected slug plays a critical role in characterizing the reservoir for potential
microbial enhanced oil recovery (MEOR) application. To investigate MEOR processes, a multispecies
(microbes–nutrients) reactive transport model in porous media was developed by coupling kinetic and
transport model. The present work differs from earlier works by explicitly determining parametric values
required for kinetic model by experimental investigations using Pseudomonas putida at different pH
conditions and subsequently performing sensitivity analysis of pH, resident time and water saturation
on concentrations of microbes, nutrients and biosurfactant within reservoir. The results suggest that
nutrient utilization and biosurfactant production are found to be maximum at pH 8 and 7.5 respectively.
It is also found that the sucrose and biosurfactant concentrations are highly sensitive to pH rather than
reservoir microbial concentration, while at larger resident time and water saturation, the microbial and
nutrient concentrations were lesser due to enhanced dispersion.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Microbial enhanced oil recovery (MEOR) is an economical, envi-
ronment friendly and easy to implement technique applied to
improve the oil recovery from hydrocarbon reservoirs either by
using microbes or microbial products (Sen, 2008). The fundamental
and key processes that governs the performance of in-situ MEOR
technique are transport of injected microbes and nutrients within
porous reservoir (Nielsen et al., 2014), biosurfactant production by
microbes (Sen, 2008) and reduction of interfacial tension (IFT)

between oil and water by produced biosurfactant (Bryant and
Lockhart, 2002). These fundamental processes of MEOR are influ-
enced by; in-situ geo-environmental factors such as pH, tempera-
ture and salinity (Bryant and Lockhart, 2002); and operational
factors that includes resident time of injected fluid, injection veloc-
ity and duration of injection process (Bryant and Lockhart, 2002).
Even though MEOR has several advantages, it is practised remotely
at the global level because of the following reasons: (i) lack in
understanding on in-situ geo-environmental aspects of microbes
and (ii) the sensitivity of critical factors such as pH, resident time
and water saturation on fundamental processes of MEOR tech-
nique which leads to uncertainty in the prediction of oil recovery
(Bryant and Lockhart, 2002; Brown, 2010). Hence, it is necessary
to quantify the sensitivity of these factors on MEOR processes by
developing a suitable kinetic and reactive transport model in order

http://dx.doi.org/10.1016/j.biortech.2016.03.119
0960-8524/� 2016 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail addresses: sivasankarpetro@gmail.com (P. Sivasankar), arkanna1983@

gmail.com (A. Rajesh Kanna), gskumar@iitm.ac.in (G. Suresh Kumar), gummadi@
iitm.ac.in (S.N. Gummadi).

Bioresource Technology 211 (2016) 348–359

Contents lists available at ScienceDirect

Bioresource Technology

journal homepage: www.elsevier .com/locate /bior tech

http://crossmark.crossref.org/dialog/?doi=10.1016/j.biortech.2016.03.119&domain=pdf
http://dx.doi.org/10.1016/j.biortech.2016.03.119
mailto:sivasankarpetro@gmail.com
mailto:arkanna1983@gmail.com
mailto:arkanna1983@gmail.com
mailto:gskumar@iitm.ac.in
mailto:gummadi@iitm.ac.in
mailto:gummadi@iitm.ac.in
http://dx.doi.org/10.1016/j.biortech.2016.03.119
http://www.sciencedirect.com/science/journal/09608524
http://www.elsevier.com/locate/biortech


to predict MEOR performance for a specific micro-organism
(Brown, 2010; Xiao et al., 2013).

Researchers performed experimental and modelling studies in
order to understand the effect of pH and temperature on different
microbes for potential MEOR application. Sun et al. (2011) had
experimentally characterized the biosurfactant produced by
Geobacillus strain at different pH and temperature conditions. Vaz
et al. (2012) produced and characterized the biosurfactant from
Bacillus subtilis different pH and temperature conditions. Arora
et al. (2014) experimentally studied the use of Clostridium sp. for
potential MEOR application at reservoir temperature conditions.
Sivasankar and Suresh Kumar (2014) modelled the effect of
reservoir temperature on MEOR processes and predicted its perfor-
mance under non-isothermal conditions using Bacillus sp. They
also performed numerical investigation on the combined effect of
pH and temperature on MEOR processes using Bacillus licheni-
formis. Kanna et al. (2014) reported that the biosurfactant
produced by P. putida can reduce the IFT between hydrocarbon
and water at various pH conditions. Such reduction of IFT by rham-
nolipids, a biosurfactant produced by Psesudomonas aeruginosa
(Gudiña et al., 2015) would enhance the recovery of residual oil
from hydrocarbon reservoir during MEOR application. However,
the study made on P. putida for potential MEOR application is
relatively less compared to Bacillus sp. microbes. Among several
physicochemical parameters, pH is one of the main parameters
that affects the microbial metabolism (Rousk et al., 2009). Hence,
the prevalence of different pH conditions within the reservoir
affects: (i) the growth of microbes, (ii) consumption of nutrients
and (iii) the stability of produced biosurfactant within the reservoir
during MEOR application. However, to the best of the author’s
knowledge, no modelling study has been carried out on P. putida
that quantifies the effect of pH and the other critical operational
factors that includes resident time and water saturation on funda-
mental MEOR processes which considers transport of microbes and
nutrients, production of biosurfactant, and its consecutive IFT
reduction. Thus, in order to better characterize the suitability of
MEOR process in a typical petroleum reservoir, in the present
work, an attempt has been made to analyse the sensitivity of pH,
resident time and water saturation on fundamental MEOR
processes through development of experimentally verified kinetic
and transport models for P. putida, nutrients and produced
biosurfactant.

The objectives of the present study are: (a) to determine the
kinetic parametric values from experimental investigations, and
subsequently to develop a kinetic model that simulates the effect
of pH on growth of P. putida, nutrient utilization, production of
biosurfactant, and IFT reduction; (b) to develop a multispecies
reactive transport model in porous media for P. putida and
nutrients by coupling the kinetic model with the corresponding
transport model; and (c) to perform sensitivity analysis of pH,
resident time and water saturation on concentrations of microbes,
nutrients and biosurfactant within reservoir using the developed
multispecies reactive transport model.

2. Materials and methods

The experimental procedure for the present study was adopted
from Kanna et al. (2014).

2.1. Microorganism and maintenance

Strain P. putida MTCC 2467 was procured from Microbial Type
Culture Collection (MTCC), India for this present work. The culture
was maintained in nutrient agar plates with composition as
follows (g/L): peptone, 5.0; beef extract, 1.0; yeast extract, 2.0;

NaCl, 5.0; agar, 20.0; pH 7.0 ± 0.3, storage temperature �2 �C
to �8 �C.

2.2. Media and cultivation conditions

Nutrient broth preparation was similar to that of nutrient agar
composition as described in Section 2.1 with the exclusion of
agar. P. putida (MTCC 2467) was grown in nutrient broth for
10–12 h at 30 �C (A600nm 0.7–0.9) and 2% (v/v) of the inoculum
was used for production of bio-surfactant using mineral salt
medium with the following composition (g/L) KNO3, 0.3; Na2HPO4,
0.2; KH2PO4, 0.014; NaCl, 0.001; MgSO4, 0.06; CaCl2, 0.004; FeSO4,
0.002; 0.1 ml of trace element solution containing (g/L) ZnSO4�
7H2O, 2.32; H3BO3, 0.56; CuSO4.5H2O, 1.0; MnSO4�4H2O, 1.78;
Na2MoO4�2H2O, 0.39; CoCl2�6H2O, 0.42; NiCl2�6H2O, 0.004; KI,
0.66; EDTA, 0.5; K2SO4, 3.0. Sucrose (2% w/v) and ammonium
sulphate (0.3% w/v) was used as carbon and nitrogen sources
because of its higher microbial yield compared to other carbon
and nitrogen sources (Kanna et al., 2014).

2.3. Development of material balance equation

Based on experimental observations, the values of biomass
yield with respect to sucrose [YXS], yield of biosurfactant with
respect to sucrose [YPS], maximum microbial growth rate [lmax

(h�1)] and half saturation constant of sucrose [KXS (gl�1)] are
computed at different pH conditions between 5 and 8. The value
of YXS is computed from the slope of the line drawn between
microbial concentration and sucrose concentration, while, the
value of YPS is computed from the slope of the line drawn between
biosurfactant and sucrose concentration. Subsequently, for varying
pH conditions, the material balance equation for microbe
(P. putida), nutrients (sucrose, ammonium sulphate) and biosurfac-
tant (rhamnolipid) is developed [Eqs. (1)–(8)] in order to determine
the value of other critical parameters namely yield of microbes
with respect to ammonium sulphate [YXN] and stoichiometric
values of reactants and products involved in the reaction as given
in Eq. (1)

C12H22O11 þ aO2 þ bðNH4Þ2SO4�!cCH2O0:52N0:23 þ dCO2

þ eC32H58O11 þ fH2Oþ gNHþ
4 þ hSO2�

4 ð1Þ

Eq. (1) represents the material balance equation for present
reaction, in which the term a, b, c, d, e, f, g and h corresponds to
the number of moles of oxygen (O2Þ, ammonium sulphate
(ðNH4Þ2SO4), P. putida (CH2O0:52N0:23) (Libner et al., 2009), carbon
di oxide (CO2), rhamnolipid (C32H58O11), water (H2OÞ; ammonium
ion (NHþ

4 ), and sulphate ion (SO2�
4 ) respectively. The values of b, c

and e are determined from experimental observations and they
are reported through Eq. (2)–(4)

b ¼ Concentration of ðNH4Þ2SO4utilised
Concentration of sucrose utilized

� Molecular weight of sucrose
Molecular weight of ðNH4Þ2SO4

mole ð2Þ

In Eq. (2), the utilized concentration of ammonium sulphate and
sucrose are determined from experimental observations by com-
puting the difference between the initial and final concentrations
of ammonium sulphate and sucrose. The utilized concentration
of ammonium sulphate and sucrose varies depending on the
respective pH values

c ¼ YXS:
Molecular weight of sucrose

Molecular weight of Pseudomonas putida
ð3Þ
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