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Abstract

Surfactant adsorption at rock-fluid interface is fundamental to wettability alteration that is
relevant to enhanced oil recovery process but the extent of this adsorption can also impact the
economic viability of the surfactant application in the process. In this paper, adsorptions of two
biologically generated surfactants (rhamnolipid and greenzyme) on carbonate and sandstone rock
surfaces have been studied and reported. The rocks’ main components and physicochemical
makeup were determined with the use of X-ray diffraction and scanning electron microscopy.
The compositional analyses of sandstone and carbonate rocks show the dominant components as
quartz and calcite respectively. From the adsorption investigations, rhamnolipid tends to show
higher surface activity than greenzyme. It also shows stronger affinity for sandstone rock surface
than carbonate while greenzyme shows stronger affinity for carbonate surface. Furthermore,
decrease in adsorptions of rhamnolipid and greenzyme with increase in temperature and decrease
in salinity was observed in all the systems. Finally, the adsorption models suggest rhamnolipid
adsorption process to be mono-layer in nature, while greenzyme adsorption tends to be mono-
layer at low adsorption and heterogeneous at high adsorption.
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Introduction liquid interaction, interfacial adsorption involves
molecular compositional changes of the system in which

Surfactant adsorption at rock-fluid interface is  surfactant molecules are transferred from bulk solution to

fundamental to wettability alteration that is relevant to
enhanced oil recovery (EOR) process. However, the
extent of this adsorption on porous reservoir rocks can
also impact the economic viability of their application in
the process because high adsorption of surfactants may
limit their efficiency in practical EOR applications due to
concentration reduction during flooding process (Green
and Willhite, 1998; Sheng, 2011). Adsorption is a
dynamic process that involves an interaction between the
adsorbed substance (adsorbate) and the substance on
which adsorption takes place (adsorbent). In a solid-
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the interface (Myers, 1999). Adsorption may result from
either physical interaction otherwise known as
physisorption or chemical inter- action known as
chemisorption, the difference between these two is
usually based on their temperature dependence. In
physisorption process, adsorption reduces generally with
increase in temperature while in chemisorption process,
adsorption increases with temperature (Somasundaran
and Krishnakumar, 1997). The phenomena by which
surfactant adsorbs to solid surface from aqueous solution
involves different mechanisms such as: ion exchange,
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ion pairing, hydrogen bonding, Van der Waal force and
hydrophobic interaction (Norde, 1996; Nakanishi et al.,
2001; Rosen, 2004). Surfactant adsorption however, is a
complex process that is greatly influenced by
environmental factors such as solid composition,
aqueous solution composition, ionic strength, pH as well
as the nature and concentration of surfactants (Azam et
al., 2013).

Chemical surfactants are commonly used in EOR
processes due to their high surface activity but they
however constitute environmental threat because of their
non-degradable nature. Hence, biologically generated
surfactants (biosurfactants) are now being considered as
possible substitutes for their chemical counterparts (Van
Hamme et al., 2006). Biosurfactants also have the
following advantages: biodegradability, renewable
sources, environmental friendliness and adaptability to
extreme reservoir conditions such as high temperature
and salinity (Banat, 1995). However, high cost of
massive production of biosurfactants has been the major
disadvantage (Banat, 2014), but studies have shown that
biosurfactants can be generated from waste products and
engineering of cheap renewal natural substrates (Banat et
al., 2010; Muller and Hausmann, 2011). In fact, some
biosurfactants production process has reached an
advanced stage and are being commercialised, but they
are still highly under utilised (Sineriz et al., 2001). The
objective of this work therefore, is to investigate
biosurfactant adsorption on natural sandstone and
carbonate rock surfaces under varied brine salinity and
temperature relevant to hydrocarbon reservoirs using
rhamnolipid (sugar based) and greenzyme (protein-
enzyme based) as case study.

Most previous studies on adsorption of rhamnolipid and
proteins have been in environmental, medical and food
sciences. For instance, Keomany and Asnachinda (2014)
studied adsorption of rhamnolipid on aluminum oxide for
the purpose of organic removal of solute from aqueous
solution in which adsorption process was attributed to
admicelle partitioning effect. Noordman et al., (2000) on
the other hand, studied adsorption process of
rhamnolipid on two sandy soil for the purpose of soil
remediation and the observed adsorption process was
associated with hydrophobic interaction driven by
interfacial process rather than partitioning process.
Furthermore, Chen (2016) has reported insignificant
impact of calcium ion on rhamnolipid adsorption and
demonstrated how rhamnolipid adsorption process is
similar to that of non-ionic surfactants. Norde and
Anusiem (1992) however studied adsorption process of
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five proteins on silica and hematite surfaces and they
observed two trends of adsorption process as: protein
restructuring in  which had sorption takes place
irrespective of the surface charges and electrostatic
attraction between opposite charges. Koutsoukos et al.,
(1983) also studied adsorption of two proteins on
hematite surfaces and observed similar trend to what
Norde and Anusiem (1992) reported. Meylheuc et al.,
(2001) studied the effect of rhamnolipid on stainless steel
for the purpose of inhibiting adhesion of pathogenic
strain on its surface. Also, Addessoand Lund (1997)
reported adsorption of protein on stainless steel, titanium
and Teflon in relation to fouling heat exchanger. While
Shibata and Lenhoff (1992) studied proteins adsorption
on modified quartz surface under conditions applicable
to liquid chromatography.

There is however no previous study on the comparative
adsorption of either rhamnolipid or greenzyme on both
sandstone and carbonate rock samples. Sandstone and
carbonate rocks are samples of reservoir rocks with
carbonate holding more than 50% of oil world reserves
and sandstone is the most commonly studied reservoir
rock (Sheng, 2013). In this study, static adsorption of
rhamnolipid and greenzyme on sandstone and carbonate
rock surfaces have been experimentally investigated and
reported. The experimental data were also fitted with
Langmuir and Freundlich adsorption models for better
understanding of the observed adsorption process.

Materials and Methods

Three brine solutions comprising of high salinity (HS),
medium salinity (MS) and low salinity (LS) were used to
investigate the salinity effects on adsorption of these
biosurfactants. Table 1 presents the compositional
breakdown and concentration of these brine solutions.
The HS is an example of formation brine in hydrocarbon
reservoir, while MS is an example of seawater that is
sometimes injected into the reservoir and the LS water is
an example of injection water usually used for EOR
process. The absorbents used for all the experiments
were outcrop rock samples that mimic reservoir rocks.
Clashach sandstone from Scotland and Estaillades
limestone from France were used as a representative of
sandstone and carbonate rock respectively. The main
composition of these rock samples as determined by X-
ray diffraction and scanning electron microscopy
analyses are presented in Table 2. The two biologically
produced surfactants used in this study are rhamnolipid
of Agae Technology USA and greenzyme from Biotech
Processing Supply, Dallas Texas.
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Methods
Specific surface area determination

The specific surface areas of the rock samples available
for adsorption of biosurfactants were measured based on
N, physisorption with Micromeritic flowPrep 060 using
Brunauer-Emmet-Teller (BET) method (Rouguerol et al.,
2013). The rock samples were grinded into powder and
sieved using 300 um mesh size and below and then
subjected to heat treatment at 200°C for 4 h. Finally, the
adsorption and desorption of N, at its boiling point of -
196°C were carried out over a relative pressure range of
0.01-1.

X-ray diffraction (XRD) and scanning electron
microscopy (SEM) analyses

The Bruker D8 Advance Powder Diffractometer was
used to carryout X-ray diffraction (XRD) analysis on the
powdered sands to Ne and carbonate in order to
determine the main components in rock samples. While
the Topcon ABT 60 Scanning Electron Microscope was
used to capture the polished carbon coated rock samples
elemental compositional distribution.

Biosurfactants analysis

The compositional analysis of functional groups of
rhamnolipid and greenzyme were determined with
Fourier Transform Infrared (FTIR) method. This is based
on absorbance spectroscopy in  which infrared
absorbance of biosurfactant molecules was measured and
used as quantitative measure of their compositional
functional groups. These functional groups give an
indication of the strength of their hydrophilic and
hydrophobic groups which are fundamental to their
hydrophilicity and hydrophobicity effects in interfacial
interactions.

Adsorption test

The concentration depletion method (Hlady, 1999) which
involves comparison of biosurfactants concentration in
aqueous solutions before and after contacting them with
rock surfaces was used to determine the biosurfactant
equilibrium  concentration, based on absorbance
measurement described by Gogoi (2009). A series of
batch experiments on static adsorption of rhamnolipid
and greenzyme on the rock surfaces were carried out
using 1g of grinded rock in 10mL aqueous solutions.
Different concentrations of aqueous solutions of
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rhamnolipid and greenzyme were prepared and each rock
sample was mixed with the aqueous solutions. The
mixtures were then subjected to continuous mixing on a
VWR incubating orbital shaker for 24 h at the
temperature of interest (25, 50 and 65°C) for all
experiments. Thereafter, the mixtures were cooled and
centrifuged at 13,000 rpm for at least 15 min and the
supernatants were extracted for analysis (Azam, 2013).
The Jenway 6850UV-Vis spectrophotometer was used to
measure the absorbance of samples over a wavelength
range of 250-650 nm. For greenzyme, the maximum
peak obtained from the scan at 265 nm was used to
generate a calibration curve with deionised water being
used as reference. However, for rhamnolipid, the method
used by Rahman et al., (2002) for crude rhamnolipid was
adopted because of the difficulty encountered in
identifying a well- defined peak. This involves addition
of 1 ml of rhamnolipid aqueous solution to 4.5 ml of
diluted sulfuric acid (6:1 v/v), the mixtures were properly
mixed and then subjected to 100°C heating for 10 min.
The mixtures were cooled to room temperature after
which 0.1 ml of freshly prepared thioglycolic acid was
added and the samples were incubated for 3 h in
darkness. An absorbance scan was then carried out on
the samples and the maximum peak obtained at 378 nm
was used to generate the calibration curve.

This procedure was applied to all the supernatant
extracted after  adsorption  before  absorbance
measurements. For brine solutions with high
concentrations, dilution factors of 20-50 were applied
before measurements. The amount of rhamnolipid and
greenzyme that adsorbed on the rock surface was
determined from the difference between their respective
initial and equilibrium concentrations using Equation 1
(Rosen, 2013).

(Cp—CalV

ey

Where T is adsorbed amount per unit area (mg/m?), C,
and Ce is the initial and equilibrium concentration
(mg/ml) respectively, V is volume of the solvent used
(ml), m is mass of rock samples (g) and S, is the specific
surface area of rock samples (m’/g). The effect of
temperature and salinity on adsorption of rhamnolipid
and greenzyme on carbonate and sand stone rock
surfaces were also investigated by increasing the system
temperature and using brine solutions. For salinity effect
investigations, high and medium salinity were used for
greenzyme, while only low salinity was used for

I, =

mEa
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rhamnolipid due to precipitation effects observed with
high salinity brine.

Results and Discussions

Specific surface area determination

Figure 1 shows the adsorption and desorption of nitrogen
used to determine the specific surface areas of the rock
samples. The isotherms are type IV with hysteresis loop
at relative pressure of 0.8-1.0 and 0.9-1.0 for sandstone
and carbonate respectively, which shows that they are
both mesoporous (Wu et al., 2014). The measured BET
specific surface area of sands to ne sample was found to
be 1.1279m%*g while that of the carbonate was
0.8221m?/g. These specific surface areas define the
available space for the adsorption of rhamnolipid and
greenzyme during the adsorption process.

X-ray diffraction (XRD) and scanning electron
microscopy (SEM) analyses

The compositions of the sand stone and carbonate rock
samples as determined from XRD analysis are reported
in Table 2. Silica has the highest fraction in sandstone
while calcite has the highest fraction in carbonate. The
compositional distribution of the rocks minerals and pore
structure as imaged by SEM are presented in Figures 2a
and 2b. Since sandstone and carbonate rocks have
different composition, it is expected that they will
experience different surface reaction when exposed to
the same fluids. The surface chemistry of the sandstone
and carbonate rock samples may therefore be greatly
influenced by silica and calcite respectively.

and

Compositional of

greenzyme

analysis rhamnolipid

Figure 3 shows the combined FTIR spectra of
rhamnolipid and greenzyme, the spectra were examined
with regard to -OH vibrations (3,600-3,200 cm™), -CH,
vibrations (3,000-2,800 cm ™), -C=0 vibrations (1,750-
1,600 cm™), and the fingerprint section (900-1460
cm ™). They both have similarities and differences based
on their source as evidenced in the fingerprint section.
The main vibrational peaks used to determine the
hydrophilic group was due to hydroxyl functional group
(-OH) at 3,351 cm ™! which is common to both of them
with greenzyme having a more pronounced absorbance
than rhamnolipid. This suggests that greenzyme has
more hydrophilic groups than rhamnolipid. Also
common to both is the stretching bonds of CH, and CHs
groups at 2925 & 2927 and 2854 &
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2857cm'respectively, indicating the presence of alkanes
which is more pronounced in rhamnolipid than
greenzyme. This may suggest that rhamnolipid has more
hydrophobic group than greenzyme.

Furthermore, the presence of carboxylic acids groups as
shown by C=0 at 1637 & 1638 cm‘is also common to
both and it is usually referred to as amidel in proteins
(Yu, 2006; Kong, and Yu, 2007) and carboxylate an ion
stretching in rhamnolipid (Gogoi et al., 2016). However,
in the fingerprint section between 900-1460 cm*, the
differences in both are evident. rhamnolipid have a
pronounced C-H, C-O and CHj; at 1400, 1124, 1051
cm ‘showing the presence of carbonyl group
(carbohydrate) as rhamnose (Leitermann et al., 2008).
Greenzyme however has wagging amino group of NH,,
CN and CHj stretching at 1482, 1183 and 1032
cm 'known as amide 11 and amide 11 in the fingerprint
section (Yu, 2006; Wolpert and Hellwig, 2006). These
results are consistent with studies done on FTIR
investigation of cultured rhamnolipid and protein as
reported in the literature e.g. (Wolpert and Hellwig,
2006; Kong and Yu, 2007; Barth, 2007; Leitermann et
al., 2008; Zhangand Yang , 2015; Noramiza et al., 2016).

This shows that they both have similar molecular
composition consisting of carbon, hydrogen, oxygen
with greenzyme having an addition of nitrogen. This also
suggests the possibility of greenzyme being more
hydrophilic in nature than rhamnolipid as indicated by
higher H-O-H vibrations due to hydrogen bonding, while
rhamnolipid tend to have a higher hydrophobic nature
than greenzyme as suggested by the stronger presence of
-CHg, -CHj, in their spectrum. Also, Traube’s rule states
that “in dilute aqueous solutions of surfactants belonging
to anyone homologous series, the molar concentrations
required to produce equal lowering of the surface tension
of water decreases three fold for each additional CH,
group in the hydrocarbon chain of the solute” (Attwood,
and Florence, 2012). Furthermore, Ozdemir et al., (2004)
also noted that pure mono-rhamnolipid (R1) has less
hydrophilic nature than di-rhamnolipid (R2) due to the
absence of the second rhamnosyl group which indicates
its lower hydrophilicity. They also observed that R1
molecules have more surface activity than R2 that has
higher hydrophilic group.

Adsorption isotherm
Adsorption data are usually presented as isotherm which

mathematically relates surface active agent equilibrium
concentration in liquid phase to its adsorbed amount (per
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unit area) on the solid surface at a particular temperature
with the aid of plot (Hlady, 1999; Rosen, 2004). Figure 4
shows the adsorption isotherms of rhamnolipid and
greenzyme on sandstone and carbonate rock surfaces. At
low concentration, their respective adsorption increases
with increase in concentration until the adsorbed plateau
was reached, when no significant change in adsorbed
guantity was observed.

A closer look at the adsorption isotherms of rhamnolipid
and greenzyme, show that adsorption isotherms of
rhamnolipid have the four clearly defined regions of
isotherm described by Somasundaran and Krishnakumar
(1997) while greenzyme isotherms only have three
regions. The adsorption isotherms of rhamnolipid are
however similar to isotherm commonly obtain for
biosurfactants and chemical surfactants e.g. (Paria, and
Khilar, 2004; Dubey et al., 2008; Rizwan et al., 2013;
Keomany and Asnachinda, 2014) and greenzyme
isotherms are similar to the commonly reported proteins
isotherms e.g. (Norde, 1996; Addesso and Lund, 1997;
Hlady, 1999; Norde et al., 2008).

The rhamnolipid isotherm show that at relatively low
concentration in region I, adsorption of rhamnolipid was
characterized by electrostatic interaction between the
hydrophilic head of rhamnolipid and rock surfaces but
with the increase in concentration, further adsorption was
based on hydrophobic interaction between hydrophobic
tail of adsorbed rhamnolipid and that of the solution
molecules resulting information of admicelle at the
surface in region II.

Further adsorption with increase in concentration
resulted in growth of admicelles to micelles due to
increased hydrophobic interaction in region IlI, until
adsorption plateau was attained in region VI. The
rhamnolipid adsorbed quantity on sandstone and
carbonate were found to be 4.40 mg/m’and 4.21
mg/m’respectively. Beyond these points there was no
significant difference in adsorbed amount, rhamnolipid
however adsorb more on sandstone than carbonate.

The greenzyme isotherms on the other hand did not have
region | characterized by linear increase in adsorption
with increase in concentration. The adsorption isotherms
began with region Il associated with sudden increase in
adsorption. This indicates spontaneous adsorption of
greenzyme on the rock surfaces with a non-uniform
distribution of its molecules on the surface side-way at
low concentration as suggested by Norde (1996). At
higherconcentration,adsorptiontakesplaceintwosequence,
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thefirstsequenceisfastandinvolvesdirectproteinsadsorptio
nto the surface without any conformational changes
while the second sequence is slow and involves
conformational changes from side-one to end-one type
promoting hydrophobic interaction which leads to
increased adsorption and surface layer thickness
(Dietschweiler and Sander, 2007). This occurred in
region 1l through region VI where adsorption limit was
reached with the plateau adsorption of 2.01 mg/m*for
carbonate surface. However, for sandstone surface,
region VI did not plateau with in the experimental time
and the adsorbed quantity on this surface was found to be
0.32mg/m which is much less than that of the carbonate.

This observed difference in surface behaviour of the
greenzyme on the two rock surfaces can therefore be
related to conformational changes it underwent during
adsorption process as observed with proteins adsorption
by Xia (2001). Dietschweiler and Sander (2007)also
reported similar effect in adsorption of hard and soft
proteins on both negatively and positively charged
surfaces in which most of the proteins showed reversed
adsorption on both surfaces. Lysozyme for instance had
the lowest adsorption on negatively charged surface and
highest on positively charged surface and this was
attributed to reduction in proteins stability due to
increased net charges on the molecules.

On a general note, rhamnolipid exhibited higher
adsorption on both rock surfaces than greenzyme, which
is an indication of its higher surface activity potential.
However, the cause of higher adsorption of rhamnolipid
on the sand stone surface relative to its carbonate counter
part is not very clear. As this observation is contrary to
what is expected of anionic surfactant because in pH
range (7.87-8.26) observed for aqueous rhamnolipid
mixture with rock samples, the rock surface of sandstone
is negatively charged while that of carbonate is
positively charged (Somasundaran, and Agar, 1967;
Jaafar et al., 2014).

So, based on electrostatic cattraction, an ionic surfactant
normally should adhere more on positively charged
carbonate than negatively charged silica. The observed
variance with this rhamnolipid can be related to weak
nature of the carboxylic component in rhamnolipid
(Chen et al., 2013). From previous studies, rhamnolipid
behave more like non-ionic rather than anionic (Yuan et
al., 2007; Chen et al., 2013) and non-ionic surfactants
adsorb on any surface in different oriented position
through hydrogen bonding (Rosen, 2004).
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Effect of salinity on adsorption of rhamnolipid
andgreenzyme

Figure 5 shows the results of greenzyme and rhamnolipid
adsorption on carbonate and sandstone surfaces
undervariedsalinityconditions. Theadsorptionsofgreenzy
meandrhamnolipidonbothrocksurfaceswerefound to be
higher with the introduction of electrolyte in aqueous
solutions. The greenzyme adsorption on sandstone and
carbonate surfaces increased from 0.32 to 0.55 mg/m?and
2.01 to 2.05 mg/mPrespectively with the use of 0.75 M
salinity while its adsorption increased to 0.91 mg/mand
2.75 mg/m?® respectively with 3 M salinity usage. For
rhamnolipid, adsorption increased from 4.40 to
4.59mg/m? on sandstone and from 4.21 to 4.42mg/m? on
carbonate with the use of 8.3 mM salinity. For better
understanding, the adsorbed amount on the rock surfaces
were directly related to the solutions ionic streng that
varied concentration of greenzyme and rhamnolipid as
shown in Figures 5b and 5d. It is obvious that adsorption
of rhamnolipid and greenzyme increases with increase in
salinity irrespective of their concentration.

This observed increase in the adsorption of greenzyme
and rhamnolipid on both rock surfaces with the addition
of electrolytes is attributable to compression of electric
double layer resulting from decrease in electrostatic
repulsion induced by presence of electrolyte ions in their
aqueous solutions (Norde, 1996; Yuan et al., 2007),
which is consistent with other studies (Kirchman et al.,
1989; Itohetal., 1994; Yuan et al., 2007; Norde et al.,
2008).

Norde et al., (2008) noted that increase in electrostatic
repulsion at rock-fluid interface weakens protein
structural stability on the rock surface and invariably
reduces its adsorption. Yuan et al., (2007) observed in-
creased adsorption of rhamnolipid with increase in
aqueous salinity, while Kirchman et al., (1989) also
observed higher protein adsorption in seawater than in
low ionic strength buffer solution. The increased
adsorption in aqueous sea water observed was attributed
to compression of double layer due to the presence of
cations that promote attraction between the same
charges.

Table.1 Composition of brine solutions

lons HS(M) MS(M) LS(M)
Na" 1.463 0.550 0.0061
Ca”* 0.420 0.014 0.0002
Mg** 0.091 0.045 0.0005
cr 2.485 0.620 0.0069
S04* 0.002 0.024 0.0003
lonic strength 3.000 0.750 0.0083

Table.2 Composition of Clashach sandstone and Estaillades limestone

Sandstone
Components Amount (wt.%)
SiO; 92
KAISi3Og 5
FeTiO <05
TiO; <05
ZrO, <05
Al20; <05
others <1
Limestone
Components Amount (wt.%)
CaCOs; 95
MgCO3 4
CaSO, 1
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Figure.1 Nitrogen adsorption-desorption isotherm on: (a) carbonate rock (b) sandstone
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Figure.4 Plots of adsorption isotherm of (a) rhamnolipid on sandstone (b) rhamnolipid on carbonate (c) greenzyme on
sandstone (d) greenzyme on carbonate
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Figure.5 Salinity effects on adsorption of greenzyme and rhamnolipid: (a) greenzyme adsorption isotherms under
different salinity conditions, (b) effect of solution ionic strength on greenzyme adsorption on rock surfaces, (c)
rhamnolipid adsorption isotherms under different salinity conditions and (d) effect of solution ionic strength on

rhamnolipid adsorption on rock surfaces
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Figure.6 Temperature effects on: (a) adsorption isotherms of greenzyme on carbonate and sandstone rock
surfaces,(b)adsorption isotherms of rhamnolipid on carbonate and sandstone rock surfaces, (c) adsorption of
greenzyme on carbonate, (d) adsorption of greenzyme on sandstone, (e) adsorption of rhamnolipid on carbonate, (f)
adsorption of rhamnolipid on sandstone
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Figure.7 The Langmuir and Freundlich models data fitting of greenzyme: (a) salinity effect on sandstone, (b) salinity

effect on carbonate, (c) temperature effect on sandstone and (d) temperature effect on carbonate

&"-12 ------ Freundlich 3M salinity
Exp. 3M =slinity
__E_ Freundlich 0.T5M safinity .
o910 Extp. 0.75M salinity _,--'
E u...n Freund;l?alz"o_sahnrry . ot "ﬂ
= Ef'g:mgr glﬁgnls‘_alinity -rl-q" el g
008 T I Eii e S T
o .
o /D/_ .{"
_§ 06 ,._.'
2os 27
E‘ - - ..-ﬁra-"'a ﬁ—.r".‘ﬁ
o “B.-.s'
@ 02 - ha
U]
0.0
0.1 03 . 05 07 . 09 11 13
Equilibrium concentration (wt.%)
(@)

~.040
£
$0.35 _a?
E ﬁ ’.-FA
g 0.30 -0
."3_ PO ’ E'r‘-ﬁ
5025 PR = CLbh
I /A a
o @ LT
© 0.20 @/ — Freundlich 25C
g s 70 ._,,-»O" & Exp.25C
€015 / I - S e Freunglion £0C
E 7’ ,6 |:| ?:J;dafm 85C
9010 C7 S e
— — e Langmuir S0C
(V) 0.05 - - Lan:muir&‘c

0.10 0.60 1.10 1.60

Equilibrium concentration (wt.%)

(b)

30
e P— | :.:.?‘-!‘-,ﬂ-ﬂ-’.
%2-5 T
R
= )
220 ! Il S
2 ", A _ . —"
8 ! PRt
o 1o, 4T
@15 v Lt #+#seeu Freundlich 3M salinity
@ r A B Exp. 3M salinity
£ "o Freundlich 0.75M salinity
Exp. 0.75M salinity
Eu} ! o v w2 Freundlich No salinity
Q & Exp. No salinity
9 Langmuir 0.75M salinity
= == | angmuir 3M salinity
O] 05 = = Langmuir No saiinity
00 02 04 06 08 10 12
Equilibrium concentration (wt.%)
(b)
25
23
521 vl oA
E’ A A~ R
E19 A LT e
o PRy .t :i-"-.
" -
51} Rt !__-Ir
S15 W -7
818 LAk
®13 o
E11 AL URPITILIASA Jopon
= ST A" * ,.:..-,-.-n""" € . Bpoc
c09 _,.-.'":"' nc.n Eﬁ:‘?l::cmmc
S PR senee E:eurédﬁl:cd'\ﬂGC
05 = = Snjmuresc
0.1 1.1 1.3

03 05 07, .09
Equilibrium concentration (wit.%)

(d)

Figure.8 The Langmuir and Freundlich models data fitting of rhamnolipid: (a) salinity effect on sandstone, (b) salinity

effect on carbonate, (c) temperature effect on sandstone and (d) temperature effect on carbonate

=55

£

o .

£45 PP LA

535 (o

z ®

25 <t

a Soa

= e

o] &~ Freundlich 0.75M salinity

c Exp. 0.75M sslinity

et Freundiich No salinity

E & Exp.Nosslinity

o Langmu!r 075M .s:aliniry
05 == == Langmuir Mo salinity

0.00 0.20 0.40 0.60 0.80 1.00

Equilibrium concentration (wt.%)

(@)

31

en
n

b
o

£a
n

pa
n

-

Rhamnolipid adsorbed (mg/m?)
tn

o
n

e
o

0.038M salinity- Freundlich
0.038M salinity- Exp.
#+vse Nosalinity- Freundlich
A No salinity- Exp.
0.038M salinity Langmuir
= == No salinity Langmuir

02 04 06 0.8
Equilibrium concentration (wt.%)

(b)

1.0



Int.].Curr.Res.Aca.Rev.2019; 7(2): 21-36

55
50
£
o 45
£
= 4.0 O’
235 R [
— ,', .-
o] . o
w 30 ~ O.- Su
g25 4 i A Ao
T /F Oj.} ----- "~ =-T
o * A -
520 @ 47 e
[ = 1.5 D )'E
£ B’ A
@ X
S40- =
o

05

0.0 02 04 06 08 1.0
Equilibrium concentration (wt.%)
(c)

Nakanishi et al., (2001) also noted that increase in ionic
strength may influence hard protein adsorption on
adsorbent but soft protein tends to adsorb on different
surfaces irrespective of their electro- static nature due to
their conformational nature. Itoh et al., (1994) however
demonstrated how adsorption of protein can be altered
by modifying the carboxyl and amino acid groups.
Increased adsorption was observed when the carboxyl
(negatively charged) was reduced while no adsorption
was observed when the aminoacid group (positively
charge) was reduced. Hence, modification of the natural
proteins through enzymatic process may have enhanced
the solubility and stability of the greenzyme in all the
solutions.

Effect of temperature on adsorption of rhamnolipid
and greenzyme

Figure 6 shows the results of temperature effects on
adsorption of greenzyme and rhamnolipid on sandstone
and carbonate rock surfaces. Adsorption of greenzyme
and rhamnolipid on both rock surfaces decreased with
increase in temperature. Temperature increase from 25
°C to 50 °C and 65 °C, resulted in reduction of
greenzyme adsorption on sandstone surface from 0.32 to
0.26 and 0.17 mg/m’respectively while on carbonate
surface, it reduced from 2.01 to 1.65 and 1.07
mg/m?respectively. Rhamnolipid adsorption also reduced
from 4.40 to 3.64 and 2.57 mg/m’on sandstone and from
4.21 to 2.98 and 2.05 mg/m?on carbonate.

This observation can be related to a higher kinetic energy
effect with increased temperature as explained by Paria
and Khilar (2004). Increased temperature leads to
increased kinetic energy of their respective molecules
and the system entropy, which invariably results in
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weaker interaction between their molecules and the rock
surface.

It also results in decrease in their stability on the surface
as the temperature increases hence, low adsorption was
observed with increased temperature. This is an
indication that their adsorption process was
physisorption rather than chemisorption as described by
Somasundaran and  Krishnakumar  (1997). The
physisorption adsorption is basically due to weak
bonding such as Vander Waals forces and hydrogen
bonding hence, the adsorption of greenzyme and
rhamnolipid on the rock surfaces can be related to
interactions between their polar ends (mainly through
hydrogen and hydroxide) and the rocksurface.

Previous studies have also shown that rhamnolipid
behaves as non-ionic rather than anionic due to the weak
nature of its carboxylic component (Yuan et al., 2007;
Chen et al., 2013) and non-ionic surfactants adsorb on
surfaces in different oriented positions through hydrogen
bonding (Rosen, 2004).

Reduction in adsorption with increase in temperature has
also been reported by Yuan et al., (2007), Maleki et al.,
(2012)and Hagiwara et al., (2015) and the observed
reduction in adsorption with increase in temperature was
also associated with reduced mobility of the molecules
and exothermic sorption at increased temperature.
However, the effect of temperature on greenzyme and
rhamnolipid adsorption can also be influenced by
thermodynamic of the adsorption process specific to their
system. Some studies have recorded increased ad-
sorption e.g. (Norde and Lyklema, 1978; Wahlgren and
Arnebrant, 1991; Dubey, 2005) while some others have
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observed decreased adsorption e.g. (Mitra and Chattoraj,
1979; Yuan et al., 2007; Ladan, 2008; Maleki et al.,
2012; Hagiwara et al., 2015), yet others have observed
both effects (Dillman and Miller, 1973) and even non
effect (Addesso and Lund, 1997) with increased
temperature. This suggests that different biosurfactants
show different thermal characteristics based on their
source bacteria (Kuznetsov and Oppenheimer, 2012).

Adsorption thermodynamic model

For better understanding of the observed adsorption
processes, the nature of adsorption of rhamnolipid and
greenzyme on carbonate and sand stone rock surfaces
were modeled with the Langmuir and the Freundlich
adsorption models using the experimental data fitting.
The Langmuir adsorption model describes mono-layer
coverage while the Freundlich model describes
heterogeneous coverage (Wu et al., 2014). The nonlinear
form of Langmuir equation is given as (Langmuir, 1917):

e

rEl = lmax: E’ (2)

L

rearranging Equation 2 gives the linear form:

Ce 1

I'g ol

Ce
Tmax (3)

max

where C, is bulk concentration at equilibrium, a is
Langmuir equilibrium constant, I'ns iS the maximum
adsorbed density at equilibrium and T’ is surface density.
The nonlinear Freundlich equation used is (Bera et al.,
2013):

1"5 = HCE‘, (4)
and the linear form is given as:

1
Inl, = InK+ ;CE, ®)
where k and n are Freundlich constants related to
adsorption capacity and intensity respectively.

Figures 7 and 8 show results of data fitting of different
adsorption isotherms of greenzyme and rhamnolipid on
carbonate and sandstone rock surfaces. All the
adsorption of greenzyme on sandstone both in the
presence of electrolytes and at increased temperature, are
well fitted by Langmuir model which suggest that the
adsorption of greenzyme in these system is monolayer.
Also, the adsorption of greenzyme on carbonate surface
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in the absence of salt and at increased temperature tend
to fit more with Langmuir model but its adsorption in the
presence of electrolytes at low temperature fit more with
Freundlich model which suggest heterogeneous
coverage. All the greenzyme adsorption that fit well with
the Langmuir model have lower range than those fitted
by the Freundlich model, suggesting low greenzyme
adsorption to be mono-layer while its high adsorption is
multi-layer.

On the other hand, all adsorption of rhamnolipid were
well fitted with Langmuir model, thereby suggesting
rhamnolipid adsorption process on both rock surfaces to
be mono-layer in nature. Noordman et al., (2000) also
de- scribed adsorption of rhamnolipid as mono-layer
based on adsorption isotherm, although the data were not
fitted with any model. This implies that adsorption of
rhamnolipid and greenzyme on carbonate and sandstone
surfaces can alter their respective wetting state
depending on the fluid composition. Also, application of
rhamnolipid and greenzyme in enhanced oil recovery
will be associated with some retention due to their
adsorption on the rock surface.

Conclusions

Compositional analysis of rhamnolipid and greenzyme
was used to identify the strength of their hydrophilic and

hydrophobic  groups, which  suggested  higher
hydrophobic groups in rhamnolipid and higher
hydrophilic groups in greenzyme. The results of

adsorption study have shown that rhamnolipid and
greenzyme have the tendency to adsorbed on both
carbonate and sandstone due to their surface activity
effect with rhamnolipid having higher adsorption relative
to greenzyme on both rock surfaces but with greater
affinity for sandstone while greenzyme shows more
affinity for carbonate surface. The observed high
adsorption of rhamnolipid on both rock surfaces is
attributable to its high surface activity. Also, decreased
adsorption of rhamnolipid and greenzyme with increase
in temperature and decrease in salinity was observed and
the adsorption model suggested all rhamnolipid
adsorption to be mono-layer while greenzyme adsorption
was found to be mono-layer at low adsorption and multi-
layer at high adsorption. This implies that the EOR
application of rhamnolipid and greenzyme will be
associated with some retention due to their adsorption on
the rocksurface. This can also lead to rock surface
wettability alteration which invariably will influence
rock-fluid interactions.



Int.].Curr.Res.Aca.Rev.2019; 7(2): 21-36

Acknowledgment

The assistance of Dr Abbie Mclaughlin and Mccombie,
Kirstie Sarah of Chemistry department and Mr John Still
of Geology department of University of Aberdeen with
XRD and SEM analyses is greatly acknowledged and
appreciated. Thanks to Biotech Processing Supply,
Dallas Texas for the supply of greenzyme used in this
study. The assistance of Dr Lateef Akanji and Dr Jan
Vinogradov of University of Aberdeen is highly
appreciated.

References

Addesso, A.and Lund, D. 1997. Influence of solid
surface energy on protein adsorption. Journal of
Food Processing and Preservation, 21(4):319-333.

Attwood, D. and Florence, A. T. 2012. FASTtrack
Physical Pharmacy. Pharmaceutical Press, 2012.

Azam, M. R., Tan, I. M., Ismail, L., Mushtaq, M.,
Nadeem, M. and Sagir, M. 2013. Static adsorption
of anionic surfactant on to crushed Berea sand
stone. Journal of Petroleum Exploration and
Production Technology, 3(3):195-201.

Banat, I. M. 1995. Biosurfactants production and
possible uses in microbial enhanced oil recovery
and oil pollution remediation: a review. Bioresource
technology, 51(1):1-12.

Banat, 1. M., Franzetti, A., Gandolfi, I., Bestetti, G,
Martinotti, M. G., Fracchia, L., Smyth, T. J. and
Marchant, R. 2010. Microbial biosurfactants
production, applications and future potential.
Applied Microbiology and Biotechnology, 87(2):
427444,

Banat, I. M., Satpute, S. K., Cameotra, S. S, Patil, R. and
Nyayanit, N. V. 2014. Cost effective technologies
and renewable substrates for biosurfactants
production. Frontiers in microbiology, 5.

Barth, A. 2007. Infrared spectroscopy of proteins.
Biochimica et  Biophysica Acta (BBA)-
Bioenergetics, 1767 (9):1073-1101.

Bera, A., Kumar, T., Ojha, K. and Mandal, A.2013.
Adsorption of surfactants on sand surface in
enhanced oil recovery: isotherms, Kkinetics and
thermodynamic studies. Applied Surface Science,
284: 87-99.

Chen, M., Dong, C., Penfold, J., Thomas, R. K, Smyth,
T. J. P, Perfumo, A., Marchant, R., Banat, . M,
Stevenson, P. and Parry, A.2013. Influence of
calcium ions on rhamnolipid and

34

rhamnolipid/anionic surfactant adsorption and self-
assembly. Langmuir, 29(12):3912-3923.

Chen, Y., Hu, Y., Guo, Q., Yan, J. and Wu, W. 2016.
Effect of cations on the solubilization/deposition of
triclosan in sediment-water-rhamnolipid system.
Chemosphere, 159:465-472.

Dietschweiler, C. and Sander,
adsorption at solid surfaces.

Dillman, W. J. and Miller, 1. F. 1973. On the adsorption
of serum proteins on polymer membrane surfaces.
Journal of Colloid Interface Science, 44:221-241.

Dubey, K. V., Juwarkar, A. A and Singh, S. K. 2008.
Adsorption; desorption process using wood-based
activated carbon for recovery of biosurfactant from
fermented distillery wastewater. Biotechnology
progress, 21(3): 860-867.

Gogoi, S. B. 2009. Adsorption of non-petroleum base
surfactant on reservoir rock. Current Science, pages
1059-1063.

Gogoi, D., Bhagowati, P., Gogoi, P., Bordoloi, N. K.,
Rafay, A., Dolui, S. K. and Mukherjee, A. K. 2016.
Structural and physico-chemical characterization of
a dirhamnolipid biosurfactant pu- rified from
pseudomonas aeruginosa: application of crude
biosurfactant in enhanced oil recovery. RSC
Advances, 6(74): 70669—70681.

Green, D. W. and Willhite, G. P. 1998. Enhanced oil
recovery, volume 6. Society of Petroleum
Engineers.

Hagiwara, T., Suzuki, M., Hasegawa, Y., Isago, S.,
Watanabe, H. and S. 2015. Temperature effect on
pink shrimp (Pandalus eous) protein adsorption
onto a stainless steel sur- face. Food Science and
Technology Research, 21(3):341-345.

Hlady, V., Buijs, J. and Jennissen, H. P.
1999.Methodsforstudyingproteinadsorption.Method
s in enzymology, 309:402-429.

Itoh, H., Nagai, T., Saeki, T., Sakiyama, T. and
Nakanishi, K. 1994, Adsorption of
proteinontostainlesssteelparticlesurfaceanditsdesorpt
ionbehavior.InDevelopmentsinFoodEngineering,
pages 811-813. Springer.

Jaafar, M. Z., Nasir, AM. and Hamid, M. F.
2014.Measurementofisoelectricpointofsandstoneand
carbonaterock for monitoring water encroachment.
Journal of Applied Sciences, 14(23): 3349-3353.

Keomany, D. and Asnachinda, E. 2014. Adsorption and
adsolubilization of organic  solutes  using
rhamnolipid biosurfactant-modified surface. In The
1 Environment and Natural  Resources
International Conference, Thailand, pages 231-236,
6-7 November2014.

M. 2007. Protein



Int.].Curr.Res.Aca.Rev.2019; 7(2): 21-36

Kirchman, D. L, Henry, D. L and Dexter, S. C.1989.
Adsorption of proteins to surfaces in seawater.
Marine chemistry, 27(3-4): 201-217.

Kong, J. and Yu, S. 2007. Fourier transform infrared
spectroscopic  analysis of protein secondary
structures. Acta biochimica et biophysica Sinica,
39(8): 549-5509.

Koutsoukos, P. G and Norde, W. and Lyklema, J. 1983.
Protein adsorption on hematite (a-fe203) surfaces.
Journal of colloid and interface science, 95(2):
385-397.

Langmuir, 1. 1917. The constitution and fundamental
properties of solids and liquids. 11. liquids. J Am
Chem Soc, 3(9):1848-1906.

Kuznetsov, S. I. and Oppenheimer, C. H. 2012.The
microflora of lakes and its geochemical activity.
University of Texas Press.

Ladan, L.F. 2008. Proteolysis of Immobilized Proteins at
the Solid/aqueous Interface: Implications for
Detergency. ProQuest.

Leitermann, F., Syldatk, C. and Hausmann, R. 2008. Fast
guantitative determination of microbial
rhamnolipids from cultivation broths by ATR-FTIR
spectroscopy. Journal of biological engineering,
2(1):13.

Maleki, M. S, Moradi, O. and Tahmasebi, S. 2012.
Adsorption of albumin by gold nanoparticles:
equilibrium and thermodynamics studies. Arabian
Journal of Chemistry.

Meylheuc, T., Van Oss, C. J., Bellon-Fontaine, M. N.
2001. Adsorption of biosurfactant on solid surfaces
and consequences regarding the bioadhesion of
listeria monocytogenes 1028. Journal of Applied
Microbiology, 91(5): 822-832.

Mitra, S. P. and Chattoraj, D. K. 1978. Some
thermodynamic aspects of expanded and; condensed
films of BSA adsorbed at the alumina-water
interface. Indian J Biochem Biophys., 15:147-152.

Muller, M. M and Hausmann, R. 2011. Regulatory and
metabolic network of rhamnolipid biosynthesis:
Traditional and advanced engineering towards
biotechnological production. Applied Microbiology
and Biotechnology, 91(2):251-264.

Myers, D. 1999. Surfaces, Interfaces, and Colloids:
Principles and Applications, Second Edition. Wiley-
Vch, New York etc.

Nakanishi, K.; Sakiyama, T. and Imamura, K. 2001. On
the adsorption of proteins on solid surfaces, a
common but very complicated phenomenon.
Journal of Bioscience and Bioengineering, 91(3):
233-244.

35

Noordman, W. H., Brusseau, M. L. and Janssen, D. B.
2000. Adsorption of a multicomponent rhamnolipid
surfactant to soil. Environmental science &
technology, 34(5):832-838.

Norde, W. and Anusiem, A. C. I. 1992. Adsorption,
desorption and re-adsorption of proteins on solid
surfaces. Colloids and Surfaces, 66(1):73-80.

Norde, W. 1996. Driving forces for protein adsorption at
solid surfaces. In Macromolecular Symposia,
volume 103, pages 5, 18. Wiley Online Library.

Norde, W. and Lyklema, J.1978. The adsorption of
human plasma albumin and bovine pancreas
ribonuclease at negatively charged polystyrene
surfaces: I. adsorption isotherms. effects of charge,
ionic strength, and temperature. Journal of Colloid
Interface Science, 66:257.

Norde, W and Tan, W and Koopal, L. 2008. Protein

adsorption at solid surfaces and protein
complexation  with  humic  acids. Revista
delacienciadelsueloynutricio’n vegetal,

8(ESPECIAL):64-74.

Noramiza, S., Jalifah, L., Radiman, S. and Hamzah, A.
2016. Spectroscopic analysis of rhamnolipid
produced by produced by Pseudomonas aeruginosa
ukmpl4t. Malaysian Journal of Analytical Sciences,
20(1):31-43.

Ozdemir, G., Peker, S. and Helvaci, S. S. 2004. Effect of
pH on the surface and interfacial behavior of
rhamnolipids R1 and R2. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 234(1-
3):135-143, 2004.

Paria, S. and Khilar, K. C. 2004. A review on
experimental studies of surfactant adsorption at the
hydrophilic solid water interface. Advances in
Colloid and Interface Science, 110(3):75-95. doi:
https://doi.org/10.1016/j.cis.2004.03.001.

Rosen, M.J. 2004. Adsorption of surface-active agents at
interfaces: the electrical double layer. Surfactants
and Interfacial Phenomena, Third Edition, pages
34-104.

Sheng, J. J. 2011. Modern Chemical Enhanced Oil
Recovery. Gulf Professional Publishing. Cited By:
58.

Shibata, C. T and Lenhoff, A. M. 1992. TIRF of salt and
surface effects on protein adsorption: 1. equilibrium.
Journal of colloid and interface science, 148(2):
469-484.

Sheng, J. 2013.Enhanced oil recovery field case studies.
Gulf Professional Publishing.

Sineriz, F., Hommel, R. K. and Kleber, H. P. 2001.
Production of biosurfactants. Encyclopedia of Life
Support Systems, 5.



Int.].Curr.Res.Aca.Rev.2019; 7(2): 21-36

Somasundaran, P. and Agar, G. E. 1967. The zero point
of charge of calcite. Journal of Colloid and
Interface Science, 24(4):433-440.

Somasundaran, P. and Krishnakumar, S. 1997.
Adsorption of surfactants and polymers at the solid-
liquid interface. Colloids and Surfaces A:
physicochemical and engineering aspects, 123:491—
513.

Rahman, K. S. M., Rahman, T. J.,, McClean, S.,
Marchant, R. and Banat, I. M. 2002. Rhamnolipid
biosurfactant production by strains of pseudomonas
aeruginosa using low-cost raw  materials.
Biotechnology progress, 18(6):1277-1281.

Rouquerol, J., Rouquerol, F., Llewellyn, P., Maurin, G.,

Sing, K.SW.2013.Adsorption by powders and
porous solids: principles, methodology and
applications. Academic press.

Van Hamme, J. D., Singh, A.,, Ward, O. P.

2006.Physiological aspects: Part 1 in a series of
papers devoted to surfactants in microbiology and

biotechnology. Biotechnology Advances, 24(6):
604-620.

Wahlgren, M. and Arnebrant, T. 1991. Protein
adsorption to solid surfaces. Trends in

biotechnology, 9(1): 201-208, 1991.
Wolpert, M. and Hellwig, P. 2006. Infrared spectra and
molar absorption coefficients of the 20 alpha amino

acids in aqueous solutions in the spectral range from
1800 to 500cm- 1. Spectrochimica Acta Part
A:Molec- ular and Biomolecular Spectroscopy,
64(4):987-1001

Wu, Z., Zhong, H., Yuan, X., Wang, H., Wang, L., Chen,
X., Zeng, G. and Wu, Y. 2014. Adsorptive removal
of methylene blue by rhamnolipid-functionalized
grapheme oxide from wastewater. Water research,
67:330-344.

Xia, J. 2001. Protein-Based Surfactants: Synthesis:
Physicochemical Properties, and Applications,
volume 101. CRC Press.

Yu, P. 2006.Synchrotron IR microspectroscopy for
protein structure analysis: Potential and questions.
Journal of Spectroscopy, 20(5, 6):229-251.

Yuan, X., Ren, F., Zeng, G., Zhong, H., Fu, H., Liu, J.
and Xu, X. 2007. Adsorption of surfactants on a
pseudomonas aeruginosa strain and the effect on
cell surface lypohydrophilic property. Applied
microbiology and biotechnology, 76(5):1189-1198.

Zhang, C. and Yang, H. 2015. Characterization of
rhamnolipid  production in a pseudomonas
aeruginosa strain. In Zhang T. C. and Nakajima M.,
editors, Advances in Applied Biotechnology. Lecture
Notes in Electrical Engineering, volume 332.
Springer, Berlin, Heidelberg.

How to cite this article:

doi: https://doi.org/10.20546/ijcrar.2019.702.004

Tinuola Udoh. 2019. Comparative Study on Adsorption of Biologically Generated Surface Active Agents on
Carbonate and Sandstone Rock Surfaces. Int.J.Curr.Res.Aca.Rev. 7(2), 21-36.

36


https://doi.org/10.20546/ijcrar.2019.702.004

