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Abstract: Enhancing oil recovery from currently available reservoirs is a major issue for petroleum compa-
nies. Among the possible strategies towards this, chemical flooding through injection of surfactants into the
wells seems to be particularly promising, thanks to their ability to reduce oil/water interfacial tension that
promotes oil mobilization. Environmental concerns about the use of synthetic surfactants led to a growing
interest in their replacement with surfactants of biological origin, such as lipopeptides and glycolipids pro-
duced by several microorganisms. Hydrophobins are small amphiphilic proteins produced by filamentous
fungi with high surface activity and good emulsification properties, and may represent a novel sustainable
tool for this purpose. We report here a thorough study of their stability and emulsifying performance towards
a model hydrocarbon mixture, in conditions that mimic those of real oil reservoirs (high salinity and high
temperature). Due to the moderate interfacial tension reduction induced in such conditions, the application
of hydrophobins in enhanced oil recovery techniques does not appear feasible at the moment, at least in
absence of co-surfactants. On the other hand, the obtained results showed the potential of hydrophobins in
promoting the formation of a gel-like emulsion ‘barrier’ at the oil/water interface.
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Introduction

The last decades have shown a steady decrease in new oil fields discoveries. Moreover, current world oil
reservoirs are mostly mature fields. In order to fulfill the energy demand in the next years, one of the major
concerns for oil companies is thus to increase oil recovery from the available aging resources.

Primary recovery, which is the first extraction step carried out without introducing other substances
into the well, can recover only 12-15% of the oil. When the pressure inside the reservoir is no longer suf-
ficient to expel the oil, water is usually injected to recover an additional 15-20 % oil. This method is known
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as secondary oil recovery or water flooding. The remaining 60-70 % of oil forms a discontinuous phase, with
oil droplets trapped by capillary forces, which can be at least partially collected through a tertiary recovery
process, known as enhanced oil recovery (EOR). EOR techniques are classified in thermal processes, gas
injection, and chemical flooding [1, 2].

As concerns the third strategy, viz. chemical flooding, injections of surfactants, polymers and alkali
are generally used, especially in the case of sandstone reservoirs. Sometimes their combination is pre-
ferred to improve the recovery. Microemulsions (namely, transparent homogeneous mixtures of hydro-
carbons and water with large amounts of surfactants), for example, proved to be an efficient tool in EOR
techniques, thanks to their ability to reduce oil-water interfacial tension, thus leading to high extraction
efficiency [3].

The use of surfactants seems a particularly promising chemical EOR approach to solve some of the most
common needs of the petroleum industry, such as: (i) reduce the mixing of oil and water layers during the
oil recovering from wells, through stabilization of oil-water separation; (ii) increase oil fluidity during trans-
port through pipelines, by emulsification; (iii) facilitate the release of oil trapped in pores and/or adhered to
surfaces in wells. Indeed, when an aqueous surfactant formulation is injected into a mature oil reservoir and
contacts the small oil drops trapped in the pores of the reservoir rock, it reduces the interfacial tension and
mobilizes the trapped oil by increasing the capillary number. Among all the available surfactants, anionic
derivatives, e.g. sulfates and sulfonates, have been widely used for EOR purposes, in particular from sand-
stone rock matrices. Cationic amphiphiles have been rarely used, but they might be useful for oil extraction
from positively charged carbonate rocks. Nonionic surfactants proved to be more tolerant towards high salin-
ity than anionic ones, but are usually used as co-surfactants due to their lower ability to reduce interfacial
activity [4].

Chemically synthesized surfactants are mainly petroleum-based, and have slow microbial degrada-
tion [5]. Therefore, they may bioaccumulate or give rise to environmentally hazardous by-products. Natural
surfactants, also termed biosurfactants or microbial surface active agents, are amphiphilic compounds of
biological origin produced by a variety of microorganisms — including bacteria, yeasts, and fungi — from
various substances and sometimes also from waste materials. They are usually classified into low molecu-
lar weight compounds (lipopeptides, glycolipids) and high molecular weight polymers [6]. Thanks to their
unique properties, such as low toxicity, functionality under extreme conditions, biodegradable nature, and
specific action, biosurfactants have several potential applications in the petroleum industry, mainly for the
so-called microbial enhanced oil recovery (MEOR) [7-9]. Up to now, a major role in MEOR techniques was
played by rhamnolipid, sophorolipid, glycolipid and lipopeptide biosurfactants [7]. Three main strategies
can be adopted for using biosurfactants in EOR processes or mobilization of heavy oils: (i) direct injection of
biosurfactant-producing microorganisms into the reservoir through the well, followed by their in situ multi-
plication through the reservoir rocks; (ii) ex situ injection of selected nutrients into a reservoir, to stimulate
the growth of biosurfactant-producing microorganisms; (iii) external production of biosurfactants and their
subsequent injection into the reservoir. Although glycolipids produced by Pseudomonas strains have been
the most extensively used biosurfactants in MEOR experiments, lipopeptides — like surfactin and lichenysin
—and lipid polysaccharide complexes were also found quite effective. Surfactin, a lipopeptide considered the
most potent microbial surfactant known so far, was produced ex situ in a fermenter under controlled condi-
tions and successfully used in MEOR [10].

Recently, a family of small Cysteine-rich amphiphilic proteins, called hydrophobins (HFBs), raised huge
interest as novel biosurfactants and surface coating agents. HFBs are naturally produced in filamentous fungi
and usually comprise about 100 amino acids, with molecular weights in the range of 7-15 kDa [11-14]. Accord-
ing to the different clustering of hydrophobic and hydrophilic residues, they are grouped into Class I and
Class II hydrophobins. At concentrations of few pg/mL, both classes of hydrophobins exist as monomers.
At higher concentrations they form dimers. In a concentration range of 0.5-10 mg/mL, tetramers or larger
aggregates are formed [15]. At interfaces, Class Il HFBs form monolayers with a significant degree of elasticity,
whereas Class I proteins form multilayers. The good surface activity and exceptionally high surface elastic-
ity of HFBs makes them the most surface-active proteins currently known, which promoted their successful
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exploitation in several different fields. Some of the uses proposed for HFBs include stabilization of foams and
emulsions in the food industry [16], biotechnological applications such as drug delivery [17, 18], biomedical
imaging [19] and coatings for biomedical devices [20], but also use as dispersing agents [21, 22] and interme-
diates for surface immobilization of proteins [23, 24] and polymers [25]. The ability of HFBs to self-assemble
at oil-water interfaces and stabilize oil droplets makes them potential candidates for a more efficient and
greener EOR strategy, also in consideration of the fact that the potential for large scale production of these
proteins has been shown in industrial operations for both classes of HFBs [14, 16].

The present work focuses on HFBII, a Class II hydrophobin produced by Trichoderma reesei. Its reported
crystal structure shows a nearly globular shape with a central -barrel structure, a small segment of ¢-helix,
and an extended network of disulfide bonds stabilizing the structure [26, 27]. The protein surface is mainly
hydrophilic, except for a flat ‘hydrophobic patch’ formed by two hairpin loops containing several aliphatic
side chains. Such portion covers about 12% of HFBII total surface accessible area and is responsible of its
amphiphilic behavior. HFBII has a molecular weight of about 7.2 kDa and an isoelectric point between 6 and 7
[28]. This relatively small protein (<3 nm diameter) can lower the air/water surface tension to 35 mN/m at a
concentration of 30 uM [29].

To the best of our knowledge, the behavior of HFBII in conditions relevant to petroleum industry appli-
cations has not been studied in depth, yet, and only a few patents were published on the subject. Patent
CA 2642375, for example, describes a process for extracting hydrocarbons from oil sand with water and a
hydrophobin [30]. Different pH and temperatures were screened, and a three-phase system was obtained in
all cases. Hydrocarbons were found in all the phases (upper foam, aqueous middle and lower solid phases),
although addition of hydrophobin increased the yield of hydrocarbons in the foam phase. Another patent
(WO 2006/103253) claims the use of hydrophobins as auxiliary-emulsifying agents for a drilling fluid [31]. The
reported drilling mud contained from 40 to 95 % by weight of at least one oil component, from 2 to 60 % by
weight of water, and other components.

We report herein an exploratory study, aimed to establish whether HFBII holds promise as an additive
in the petroleum industry, taking into consideration, for example, the influence exerted by seawater salinity
or high temperatures on its emulsifying properties. We focused, in particular, on the following aspects: (i)
possible formation of HFBII stable films at the water/oil interface, to create a barrier between the two phases;
(ii) its performance as emulsifying agent, to disperse oil in water and increase its fluidity; (iii) the potential
of this protein for EOR.

Materials and experimental

HFBII was obtained from T. reesei QM 9414 strain with a purity grade of about 98 % (without HPLC purifica-
tion) [32]. Synthetic seawater (SSW) was prepared by dissolving 24.53 g of NaCl, 4.09 g of Na,SO,, 0.695 g of
KCl, 1.16 g of CaCl, and 5.20 g of MgCL,- 6 H,O in 1 L of Milli-Q water (approximate salinity: 35 g/L). A high
salinity water solution (approximate salinity: 70 g/L) was also prepared, doubling all salts concentrations.
Dectol was prepared by mixing decane and toluene in 65:35 volume ratio, and used as a ‘model oil’. Emul-
sions were obtained by manual mixing, in order to mimic real mixing conditions. For rheology measurements
and droplet size determination only, a high speed stator-rotor homogenizer (Heidolph DIAX 900) was used to
provide better reproducibility.

For “Double Titration” experiments, five hydrophobin solutions in Milli-Q water with different concen-
trations of the protein (5, 7.5, 10, 15 and 20 mg/mL) were prepared. Titrations were done adding progres-
sively small portions of the high salinity solution to hydrophobin solutions, until flocculation or precipitation
occurred.

Tensiometric measurements at the SSW/dectol interface (pendant drop method) were performed on a
CAM 200 (KSV Instruments Ltd.) and operated with the software CAM 2008 supplied with the instrument.
Three different HFBII concentrations (1, 0.1 and 0.01 mg/mL) were tested.
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Emulsion ‘bulk’ rheology was measured with an AR G2 rheometer with parallel plate geometry (TA
Instruments Ltd). Interfacial shear rheology was measured using a Du Noiiy ring (1.2 cm diameter) oscillat-
ing in plane. Du Noiiy ring connected to AR-G2 rheometer is commonly used for sensitive interfacial meas-
urements, because of its low inertia and its capability to control and apply tiny torques. The Du Noiiy ring
was attached to the stress motor, mounted on the slide of the rheometer. A circular glass dish was located
in the center of the Peltier plate. Viscoelasticity of the selected emulsions was characterized by measuring
their storage modulus (G’) and loss modulus (G”) in the linear viscoelastic region, keeping the frequency
constant at 0.1 Hz. Samples with 50:50 w/o ratio and different HFBII concentrations were analysed 48 h after
emulsification.

The emulsification index E,, was determined according to a reported procedure [33]. In a typical experi-
ment, dectol (6 mL) was added to the biosurfactant solution (4 mL) in a graduated tube, vortexed at high
speed for 2 min, and then left standing for 24 h. The emulsification index was calculated dividing the final
height of the emulsion layer by the total height, and multiplying by 100.

Microscopy analyses were performed on an Olympus BX40 optical microscope (Olympus, Center Valley,
PA, USA) and a Zeiss LSM 710 microscope with a He/Ne laser (A_ =543 nm) using contrast phase, bright field
and confocal microscopy techniques. Droplet size determination was calculated from the optical microscopy
images from an average of ca. 2000 droplets. In confocal microscopy images specific dyes were used to stain
oil and protein, namely Nile Red for oil phase and fluorescein isothiocyanate for HFBII.

Results and discussion

Preliminary stability studies

First, the stability of HFBII in SSW was evaluated by means of flocculation studies, varying different para-
meters. Double titration experiments were carried out at room temperature (20 °C) to establish the relation-
ship between HFBII stability and salt concentration. After the addition of a certain volume of SSW to HFBII
solutions, flocculation or precipitation of the protein occurred for all selected concentrations. In this process,
the following behavior was observed: (i) appearance of a strong opalescence, (ii) appearance of flakes in
solution, (iii) precipitation of a white solid. In Fig. 1a, the final point of each series represents its ‘flocculation
point’. The curve connecting such points gives an indication of the protein stability and solubility at differ-
ent salinity levels. Salinity actually affects the protein solubility in aqueous media, but not to a point as to
prevent its use.

Salinity (g L)
Salinity (g L™")
N
o

10 15 20 25 0 5 10 15 20
Chran (Mg ML) Chran (Mg ML)

Fig. 1: (a) Titration curves, showing salinity values versus different HFBII concentrations: 5 (), 7.5 (e), 10 (X), 15 (A ), and
20 mg/mL (m). Flocculation points for each series are marked with a black circle. (b) Flocculation points obtained at different
temperatures, varying HFBII concentration: 20 °C (), 40 °C (¢), and 70 °C (A).
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Fig. 2: Interfacial tension trends over time for SSW solutions of HFBII at different protein concentrations: 0 (4), 0.01 (w), 0.1 (A),
and 1 mg/mL (X).

A similar set of experiments was performed at 40 and 70 °C, to test the influence of temperature on HFBII
stability in SSW. As shown in Fig. 1b, the protein behavior did not change at 40 °C, whereas at 70 °C a signifi-
cant solubility increase was observed.

It should be noticed that HFBII flocculation is a slow kinetic process. The reported flocculation points
refer to short times, but precipitation can occur even at lower protein concentration or salinities, if enough
time is given, particularly under the effect of shear forces.

Film formation

To verify if HFBII still forms films in SSW as it does in low salinity aqueous media [34, 35], and how strong these
films are, we measured first the interfacial tension reduction at the SSW/dectol interface through pendant drop
measurements. The results confirmed that the protein works in SSW as it does in low salinity water. Compared
to the value measured for SSW (about 37 mN/m), both 1 mg/mL and 0.1 mg/mL HFBII concentrations in SSW
are able to reduce the surface tension until 15-16 mN/m (Fig. 2). Reduction occurred instantly, although the
interfacial tension kept on decreasing very slowly over time. This is consistent with the typical mechanism
of HFB self-assembly, which involves first fast protein adsorption at the oil/water interface, followed by slow
structural rearrangement of the adsorbed hydrophobin layer into closer packing [34].

Unfortunately the reduction of interface tension obtained with HFBII does not lead to the ultralow values
typically needed in EOR applications (<1 mN/m), indicating that HFBII holds little promise in this sense, at
least in the absence of a suitable co-surfactant. The addition of medium chain alcohols such as propan-2-ol,
butanol or isoamyl alcohol, for example, has been shown to facilitate the preparation of microemulsions
suitable for EOR [3, 36].

Interfacial shear rheology measurements (Fig. 3) showed that the film formed at the SSW/dectol interface
is remarkably strong and elastic. Salinity did not seem to affect the film strength, which was comparable to
that observed at water/oil and water/air interfaces. This can be promising for barrier applications.

Emulsification studies

A systematic study of the emulsification of the SSW/dectol mixture in the presence of HFBII was performed,
to verify the impact of several relevant parameters on the emulsification ability of the protein. The rheologi-
cal properties of these emulsions were also studied, since a thick, resistant emulsion layer could favor the
separation between oil and water.

First, the emulsification index E, of HFBII in Milli-Q/dectol systems was measured, and compared to
those of several ionic and non-ionic commercially available surfactants. HFBII performed well, showing an
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Fig. 3: Air-SSW (solid diamonds) and Dectol-SSW (empty diamonds) interfacial shear moduli G’ (blue series) and G” (red series),
measured at 0.05 mg/mL HFBII concentration and 0.1 Hz frequency, as a function of: (a) time (with 0.5 % strain); (b) strain.

emulsification index in line with those observed for some of the best performing emulsifiers, such as Brij 58
and didecyl-dimethyl-ammonium chloride (Table 1).

To clarify the influence of salinity on HFBII/oil emulsions, two samples were prepared dissolving the
same amount of HFBII in SSW and Milli-Q water, respectively, with a 50:50 o/w ratio. As shown in Fig. 4, both
visual inspection and contrast phase microscopy confirmed the presence of significant differences in emul-
sion structure and thickness, as well as in oil droplets distribution. The emulsion layer of dectol in SSW was
clearly less thick than that prepared in Milli-Q water, and displayed droplets with smaller maximum size and

Table 1: Emulsification indexes (E,,) in Milli-Q/dectol systems of HFBIl and some commercially available surfactants.

Surfactant Class E,
HFBII Protein 74
Didecyl-dimethyl-ammonium chloride Cationic 81
Sodium dodecyl sulfate Anionic 34
Brij 58 Nonionic 78
Triton X-100 Nonionic 21
Tween 80 Nonionic 10
Tergitol NP-9 Nonionic 3
Span 85 Nonionic 0

Fig. 4: Pictures and contrast phase microscopy images of 50:50 o/w emulsions obtained from 1 mg/mL HFBII solutions in SSW
(left) and Milli-Q water (right).
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Fig. 5: Effect of thermal treatment at different temperatures on mean volume-surface radius (R,,, blue) and relative volume of oil

released from emulsions after centrifugation (H,, /H,,, red).
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reduced size variability. Although high salinity reduced the emulsifying power of hydrophobin, the protein
was still able to form emulsions.

The effect of temperature on emulsion stability was evaluated using the following procedure: a
50:50 mixture of dectol and 1 mg/mL aqueous solution of HFBII was homogenized for 3 min, then kept at
different temperatures (20 °C, 40 °C and 70 °C) for 2.5 h in a thermostatic bath, and centrifuged. Microscopy
analyses showed no significant changes in the mean volume-surface radius (R,,) or relative height of the
emulsion phase (Fig. 5), meaning that thermal treatment of the emulsions did not affect the protein emulsify-
ing properties.

Further experiments were carried out to assess the effect of HFBII concentration and water/oil ratio. A
set of five different HFBII concentrations (0.1, 0.25, 0.5, 0.75, and 1 mg/mL) in SSW were mixed with dectol in
five different w/o ratios (1:9, 3:7, 1:1, 7:3, 9:1) for 2 min with a high speed homogenizer. After 24 h resting, we
measured the volumes of the obtained layers.

For a constant w/o ratio the curves of the relative emulsified volume Vem/VOil vs. HFBII concentration
showed a trend of slight increase at lower surfactant concentrations, i.e. in the region between the y axis
and the green line. This indicates that HFBII concentrations of about 0.5 mg/mL (effective concentration
on total mixture volume) are necessary to reach a maximum in the relative emulsified volume (Fig. 6a), and
that further addition of protein would not lead to any significant increase. Bright field optical microscopy
images revealed that below 0.5 mg/mL HFBII concentration, emulsions with a uniform size distribution
cannot be obtained (Fig. 6b). Above this threshold value the average droplet size can be controlled by varying
the protein concentration, as shown by the analysis of the mean volume-surface ratio R, of the oil droplets
(Fig. 6¢), and the emulsions were relatively monodisperse (Fig. 6d).

The results also indicated that w/o ratios >0.5 are necessary to obtain a two-phase regime rather than
three phases (Fig. 6a). The two-phase system is not a typical Winsor type II system. While there is indeed an
upper emulsion phase and a lower aqueous phase, the emulsion is however of the oil-in-water type rather
than water-in-oil, and it is actually a miniemulsion rather than a microemulsion [4]. Indeed by staining the
protein with fluorescein isothiocyanate and the oil phase with Nile Red, it was possible to see in confocal
microscopy images that the samples are consistently oil-in-water emulsions, and that HFBII is present both in
the bulk aqueous solution and as films connecting the oil droplets, which, however, do not coalesce (Fig. 6e).

We studied the rheology of bulk emulsions at three different concentrations of HFBII, with a constant
1:1 w/o ratio and after a 48 h resting time (Fig. 7a). For HFBII concentrations of 0.5 and 1 mg/mL the emul-
sions behave like gels (G’ >> G”), with higher strength compared to other surfactants such as Brij and sodium
dodecyl sulfate (SDS, Fig. 7b). The significantly higher values obtained for the storage modulus G’, com-
pared to the loss modulus G”, revealed that such emulsions had predominantly elastic (solid-like) behavior. A
minimum concentration of 0.5 mg/mL hydrophobin was needed to have relatively strong emulsion layers, as
confirmed by the much lower G’ value found for 0.25 mg/mL HFBII concentration, which only formed a weak
gel, and in agreement with the results of the emulsification studies exposed above. This gel-like behavior of
hydrophobin emulsions is not promising for EOR applications or for oil fluidification through emulsification,
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Fig. 6: (a) Relative emulsion volume versus HFBII concentration for different w/o ratios: 90:10 (#), 70:30 (m), 50:50 (A), 30:70
(@), 10:90 (m). (b) Bright field microscopy images of 1:1 w/o mixtures with increasing HFBII concentrations. (c) Mean volume-
surface radius as a function of hydrophobin concentration. (d) Average droplet size distribution for 1 mg/mL HFBII concentration.
(e) Confocal microscopy images of 4:1w/o emulsions with 1 mg/mL HFBII (green staining: protein; red staining: oil phase).
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different surfactants: Brij 1 mg/mL (4), SDS 2 mg/mL (e), SDS 3 mg/mL (@), and HFBII 2.5 mg/mL (-).

but could be useful for the formation of an oil/water barrier. However, it should be noted that also in this case
the use of a co-surfactant like a short or medium-chain alcohol might lead to a reduction of the tendency
to form rigid structures, as previously shown for microemulsions targeted at EOR [3]. In addition, previous
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literature demonstrated that alcohols can affect the assembly of hydrophobins by stabilizing their mono-
meric form over the formation of aggregates [37], which might indeed lead to less rigid protein films.

These and previous results are summarized in the phase diagram shown in Fig. 8, which illustrates the
different behavior regimes for SSW/dectol emulsions (Fig. 8). For very low water content (w/o=1:9), stable
emulsions cannot be formed. At slightly higher water content (w/o=3:7) three layers were detected: aqueous
phase, emulsion and oil phase. This region (below the red line in Fig. 6a) represents a regime of incomplete
emulsification. For even higher water content the presence of only two phases was found (above the red line
in Fig. 6a), thus indicating complete oil emulsification. Here the volume of the emulsion layer is higher than
the volume of the starting oil layer, and a higher water content results in higher relative volume of the emul-
sion layer. At these higher w/o ratios the rheological properties of the obtained emulsions depend essentially
on HFBII concentration, behaving as weak emulsions roughly below 0.5 mg/mL, and more like strong gels
above this concentration.

Conclusions

Even though the high salinity and temperature conditions typical of oil recovery might be detrimental to its
performance as a surfactant, the hydrophobin HFBII proved to still be able to form films and relatively strong
emulsions in SSW up to 70 °C, and its emulsifying power compared favorably to other surfactants. In spite of
this, HFBII did not seem particularly promising for EOR and oil fluidification through emulsification, due to
insufficient interface tension reduction and to the tendency to form gel-like miniemulsions. It is, however,
worth noticing that the choice of an appropriate co-surfactant (e.g. medium chain alcohols) may improve
HFBII performance in terms of EOR, both by facilitating microemulsion formation and by reducing the ten-
dency to form a rigid gel-like structure. Furthermore, the possibility for HFBII to form rather strong and stable
gel-like emulsions might be promising for future oil/water barrier applications, in order to stabilize the sepa-
ration between oil and aqueous phases.
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