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Weak hydrogen bonding and electrostatic interactions between a zwitterionic surfactant

dodecyl sulfobetaine (DSB) and a hyperbranched exopolysaccharide (EPS) enhanced

considerably the stability and foamability of EPS/DSB foam.
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29 Abstract

30 An aqueous foam containing a zwitterionic surfactant dodecyl sulfobetaine (DSB)
31 and an eco-friendly hyperbranched exopolysaccharide (EPS) secreted by a deep-sea
32 mesophilic bacterium Wangia profunda SM-A87 was prepared for the first time.
33 Compared with singular DSB solution, the EPS/DSB mixing solution exhibited better
34 foamability and foam stability. The minimum DSB concentration (Cpsg) needed to
35  form a stable foam in the EPS/DSB solution was about one hundred times that in the
36 DSB solution, and in a very large Cpsp range, the EPS/DSB foam exhibited a better
37  stability. The enhancement of foamability and foam stability of the complex solution
38 arises from the hydrogen bonding and electrostatic interactions between the EPS and
39  the DSB, and the hyperbranched structure of the EPS. The EPS/DSB foam shows
40  great potential for application in enhanced oil recovery and health-care products.

41

42  Keyword: exopolysaccharide, SM-A87 EPS, dodecyl sulfobetaine, foam, interaction,

43 hydrogen bond

44
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1. Introduction

Aqueous foams have been applied in many fields, such as firefighting,
pharmaceutical, mineral floatation, food processing, cosmetic and oil exploitation.!:?
Surfactants are the most extensively used foam stabilizers because of their ability of
adsorbing at interfaces and lowering the interfacial energy of solutions. Nonetheless,
the stability of surfactant foams is not always satisfactory. The coalescence and
rupture of bubbles could not be avoided and were generally intensified along with the
drainage of the foam film.> Up to now, it’s still a technical challenge to obtain
aqueous foam exhibiting long-term stability and high foamability, especially with a
little dosage of surfactants.

Polyelectrolytes (PE) are often associated with surfactants to control the
rheological properties of foams and enhance the foam stability.* According to the
literature, oppositely charged PE and surfactant complex foams with suitable
PE/surfactant concentration ratio could have high stability because of the
co-adsorption of the PE and surfactants at air/water interfaces® driven by strong
interactions between them. Unfortunately, the strong interactions caused a bad
foamability of the complex solutions.% 7 Recently, some studies about PE/surfactant
complex foams with weak interactions between the PE and surfactants were reported,
such as the poly(vinylamine)/C1,TAB foam.® The synergy between the PE and the
surfactants led to a fast surfactant adsorption on the solution surface which facilitated
foaming of solutions, and the formed surface-active surfactant/PE complex, especially

stiff PE/surfactant complex caused a strong steric repulsion, favorable for the
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enhancement of foam stability.®

However, most of traditional PE*!2 are toxic or would bring about environmental
contamination. Developing eco-friendly macromolecules such as polysaccharides and
proteins satisfies the requirements of sustainable development. Compared with
proteins, polysaccharides are of much lower cost and easier to be obtained,'*!” and
some of them possess excellent rheological and interfacial adsorption properties,
which renders them suitable for enhancing the foamability and foam stability.'® 1

Lately, a low-cost hyperbranched exopolysaccharide (EPS) secreted from a
deep-sea mesophilic bacterium Wangia profunda SM-A87?% 2! has attracted much
attention of researchers because of its strong thickening ability and excellent salt and
pH resistance.?> 23 EPS molecules contain hydroxyl, hemiacetal, and carboxyl groups,
which brings about the possibility that the EPS interacts with surfactants to enhance
their foamability and foam stability. Nonetheless, no research on EPS/surfactant
foams has been reported.

In this study, an aqueous foam containing the EPS and a widely used zwitterionic
surfactant>*?® dodecyl sulfobetaine (DSB) was firstly prepared. The EPS/DSB foam
presented much better foamability and foam stability than the DSB foam. Related
mechanisms were discussed thoroughly. This work provides a deep insight into the
mechanism of performance enhancement of PE/surfactant complex foam with weak
interactions, and a very useful approach to exploring eco-friendly high efficient foams.

The EPS/DSB foam has great application potential in enhanced oil recovery and

detergent areas.
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2. Experimental
2.1. Materials

SM-A87 EPS was prepared by the method reported in the literature.?! Its
weight-average molecular weight is ~3.76 x 10 g/mol. The glycosyl composition and

linkage analyses of EPS were reported previously.”’ Dodecyl sulfobetaine (DSB,

analytical pure) was synthesized and purified by Jin Ling Petrochemical Co., Ltd. (P.R.

China). Ultra-pure water obtained from a Hitech-Kflow water purification system (P.R.

China) was used in this work.
2.2. Preparation of solutions

EPS stock solutions (3 g/L) were prepared by dissolving 0.3 g of EPS in 100 mL
of water. The concentration of DSB stock solution was 100 mM. Solutions with low
concentrations were obtained via dilution of the stock solutions. EPS concentration
(Crps) 1s 1.5 g/L in all experiments unless special explanation.
2.3. Methods
2.3.1. Static foam properties

Foam properties of all the solutions were characterized using an IT Concept

Foamscan instrument (Teclis Co., France). Foam was generated by blowing nitrogen
through a porous glass filter with a blowing rate of 75 mL/min. The initial solution
and final foam volumes were 60 and 200 mL, respectively. The half-life time (#12) is
the time that the foam takes to decrease 50% of the volume. This parameter was used
to characterize the foam stability. The variation of foam volume with time displays the

drainage process.
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2.3.2. Rheological properties of foams and bulk solutions

The dynamic foam stability was measured using an external rotor disturbing
method.”” The foam with total volume of 180 mL and gas volume percentage of ~78%
was in situ generated in a transparent glass bucket connected with a constant
temperature water bath by blowing N> gas bubbles at a constant flow rate of 0.01
L/min through a porous filter placed at the bottom of the solution with volume of 40
mL. Temperature was kept at 50 = 0.1 °C. The dynamic ¢#12 and viscosity of the foam
were recorded by a Brookfield RS plus rheometer with a paddle rotor (Brookfield
Engineering Laboratories, Middleboro, USA).

Dynamic viscoelastic measurements of the foams were performed on an Anton
Paar MCR 302 rheometer (Austria) equipped with a paddle-shaped ST22-4V-40 rotor
at 50 °C. The wet foam was obtained by stirring 100-mL solutions using waring
blender (1500 mL) with a rate of 1000 r/min. The linear viscoelastic regions of the
foams were determined through stress sweep (0.01-10 Pa) at frequency of 1 Hz. The
variation of moduli with time was measured at frequency of 1 Hz and stress of 0.02
Pa until the rotor was exposed.

Rheological measurements of the bulk solutions were carried out on the MCR
302 rheometer with a CC27 coaxial cylinder measuring system at 50 °C. Steady shear
measurements were performed with shear rate increasing from 0.01 to 100 s™'. For
dynamic viscoelastic measurements, the linear viscoelastic regions of solutions were
determined via stress sweep (0.01-10 Pa) at frequency of 0.5 Hz. The frequency

sweep was carried out from 0.01 to 5 Hz at stress of 0.02 Pa (in the linear viscoelastic



133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

RSC Advances

region).
2.3.3. Surface tension and interfacial dilational viscoelasticity

Dynamic surface tension and interfacial dilational modulus measurements were
performed on a Tracker oscillating bubble rheometer (Teclis Co., France) using the
pendant drop method. The surface tension relaxation kinetics after a pendant drop was
formed rapidly on the capillary tip, was followed for 1800 s until the equilibrium
surface tension was obtained. The drop was filmed by a CCD camera and the drop
profile was obtained using the image analysis software Optimas 6.5. The dilational
elasticity of the gas/water interfacial layer were determined at an oscillatory
frequency of 0.1 Hz. This method allows us to obtain the surface tension (y) as well as
the area of the surface element (4) in the whole test process. Dilational surface moduli
are defined as the differential ratio of the y to In4.

e=—L (1)

The surface area of the drop is oscillated periodically. The dilatational modulus is the
summation of elastic component (&) and loss modulus (@nq). & and @yg account for

recoverable energy stored in the interface and dissipation energy through relaxation

process, respectively. 74 is the dilational viscosity.

&= &+ ilwng (2)
gq = le|cosB 3)
Nqw = |&|sind (4)

where |& is the absolute modulus and 4 is the phase angle.

2.3.4. Texture analyze
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The microhardness and the viscoelastic feature of foams were investigated with a
TMS-Pilot texture analyzer (TL-Pro testing system, FTC, USA).*° Initially, a
cylindrical cell (150 mm inner diameter) was fullfilled with a known volume of wet
foam and placed on the sample platform. The wet foam was obtained by stirring
100-mL solutions using waring blender (1500 mL) at 1000 r/min. Then, the extrusion
disk with diameter of 100 mm was controlled by the computer workstation to depress
the foam at a constant speed of 20 mm/min. When the extrusion disk moves through
the set distance, it went backward to its departure place. Over the whole process,
pressures at the bottom and side of the disk were recorded. The maximum
compressing force and viscoelastic force indicate the compressing and dragging peak
pressures in the falling and pulling procedures which qualitatively correspond to the
stiffness and the viscoelasticity of the foam, respectively.

2.3.5 Fourier transform infrared (FT-IR) spectrum and microscope observation

FT-IR spectrum of samples were obtained on a VERTEX-70/70 V FT-IR
spectrometer (Bruker Optics, Germany) using KBr tablet method. Each spectrum was
recorded in the range of 4000—400 cm™! with resolution of 4 cm™'. EPS/DSB complex
was obtained by drying their mixing solutions at 60 °C.

Images of foam bubbles were photographed by a BX53 microscope (Olympus,
Japan). 50 mL of DSB and EPS/DSB solutions with Cgps of 0.75 g/L and Cpsg of 2
mM were stirred by a waring blender (1500 mL) at 1000 r/min for 1 min to obtained
wet foam. Then the wet foam was transferred immediately into a quatz sample cell

with thickness of 1 mm and observed using the microscope.
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2.3.6 Microthermal analysis

A micro-differential scanning calorimeter (DSC) (Rheometric Scientific Inc., USA)
was used to determine thermal properties of solutions. The scanning rate was
2 °C/min during the thermal cycle of heating to cooling from -20-20 °C. The
reference cell was filled with water.
3. Results and discussion
3.1. Foamability and foam stability of DSB and EPS/DSB solutions

Foaming time (#1), the time taken to form specific volume of foam, which is an
important parameter reflecting the foaming capability of solutions. A shorter # means
a better foamability.’® Fig. 1a shows the variation of the # of DSB and EPS/DSB
solutions as a function of Cpsg. For pure DSB solutions, foams were not formed at
Cpss < 0.1 mM. At Cpsg > 0.1 mM, the # decreases with increasing Cpss, and keeps
almost constant at Cpsg > 2.0 mM in which range the DSB adsorption at the interface
gets saturated.’! For EPS/DSB solutions, foams can be formed at much lower Cpsp
(0.001 mM), and the ¢ first decreases, followed by an increase, and then decreases
with increasing Cpsg. At Cpsg < 2 mM, the #r of the EPS/DSB solutions are much less
than that of the corresponding DSB solutions.

According to the DSC results (Fig. S1, Supporting information), the freezing
point of water decreases obviously after the addition of EPS, which probably stems
from the EPS induced polarity increase of the water, just like the effect of ionic
strength.* %3 The increase of water polarity can result in the increase of interfacial

adsorption tendency of DSB molecules and thus the reduced # at Cpsg < 2 mM or >
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10 mM. At 2 mM < Cpsg < 10 mM, the ¢ of the EPS/DSB solutions increases with
increasing Cpsg, and is even larger than that of the corresponding DSB solutions,
which is probably related to the reduction of the DSB adsorption tendency at the

interface because of the formation of EPS/DSB aggregates in the bulk solutions.®

(a) 480'\ ——DSB
460} —v— EPS/DSB
140}

120}
0
= 100} M
80}
v
60 L . . .
1E-3 0.01 0.1 1 10
Cosp (MM)
(b) v
v
%) 103.
\V4
—— DSB
—v— EPS/DSB
v
102 {1 1

1E-3 0.01 0.1 1 10
Coss (MM)

Fig. 1 (a) Foaming time and (b) foam stability of DSB and EPS/DSB solutions with

Crps of 1.5 g/L and different Cpsg.

Foam stability, one of the most important characteristics of aqueous foam,

depends on many factors, such as drainage of foam films, bulk viscosity of solutions,

35-37

interfacial elasticity,>* diffusion of gas through foam film, and steric*® and
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electrostatic repulsion between the two sides of foam films.?* The #1» is usually used
to evaluate the stability of foams.*® Fig. 1b shows the change of #1» of DSB and
EPS/DSB foams with Cpsg. For pure DSB solutions, the ¢, increases gradually,
reaches the maximum at Cpsg= 2.0 mM, and then decreases slightly with increasing
Cpsg, which coincides with the normal trend of common surfactant foams.*' In the
investigated Cpsg range, the ¢12 of the EPS/DSB foams is much larger than that of the
DSB foams. At Cpsg = 0.1 mM, the #12 of the EPS/DSB foam is more than 12 times
that of the DSB foam. At Cpsg < 0.1 mM, no stable foam was formed from the DSB
solution, but the 71, of the EPS/DSB foams can reach several hours. To find out how
the foamability and foam stability of the EPS/DSB solutions are enhanced so
markedly, the interfacial and bulk phase characteristics of the complex solutions were
studied.

3.2 Bulk and interfacial rheology of EPS/DSB solutions

W

Transmittance

4000 3000 1600 1200 800 40
Wavenumber (cm™)

Fig. 2 FT-IR spectra of DSB, EPS and EPS/DSB composites with DSB mass percent

of 80%.
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Intermolecular interactions considerably affect the rheological properties of their
solutions.*> ¥ The FT-IR spectra of EPS, DSB and EPS/DSB composite were
measured to characterize interactions between the EPS and the DSB. As shown in Fig.
2, the peaks of EPS at 3477 cm™!, DSB at 3375 cm™! and EPS/DSB composite at 3501
cm! are ascribed to the stretching vibration of O-H.** An obvious blue shift of the
O-H absorption peak of the composite is observed, and it’s probably induced by the
hydrogen bonding interaction between the EPS and the DSB (Scheme 1) which
destroys the intermolecular hydrogen bonds* of the EPS. The peaks of EPS at 1642
cm™ and DSB at 1466 cm™ are ascribed to the asymmetric stretching vibration of —
COO % and C-N* stretching vibration,*’ and they shift to 1648 and 1455 cm™! in the
EPS/DSB composite, respectively, probably due to the electrostatic attractive
interaction between —-COO™ and N* (Scheme 1). Therefore, the EPS interacts with the

DSB via the hydrogen bonds and the electrostatic attraction force.
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Scheme 1 Schematic illustrations for Plateau borders of EPS/DSB foam. Dotted lines
in the scheme denote hydrogen bonds and electrostatic interaction between EPS and

DSB molecules.

The equilibrium surface tension obtained from dynamic surface tension curves of
DSB and EPS/DSB solutions with Cgps of 1.5 g/L at different Cpsg (Fig. S2,
Supporting information) are shown in Fig. 3a. The surface tensions of both the DSB
and EPS/DSB solutions decrease with increasing Cpsg until reaching an equilibrium.
At Cpse < 0.1 mM, the equilibrium surface tension of the EPS/DSB solutions is
obviously lower than that of the corresponding DSB solutions, which is ascribed to
that the EPS strengthens the interfacial adsorption tendency of DSB (agreeing well
with the results in Fig. la), and that the EPS/DSB complex was formed via the
hydrogen bonds and electrostatic force at the interface. At Cpsg > 2.0 mM, the surface
tension of EPS/DSB solutions was higher than that of relative DSB solutions. This
results from the coaggregation of EPS and DSB micelles in the bulk solutions which

reduces the interfacial adsorption amount of DSB molecules.*3

(@)
60
E 50
Z
E
« 40}
-= DSB
30l ™ EPS+DSB

10* 10° 102 10" 10° 10
C,ss (MM)
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(b)  40f EPS/DSB DSB

|l

l&l, &, @n, (MN/m)

10* 10° 10% 10" 10° 10
CDSB(mM)

Fig. 3 (a) Surface tension () and (b) interfacial dilational viscoelasticity of DSB and
EPS/DSB solutions as a function of Cpsg with Ceps of 1.5 g/L at 25°C. |&, absolute

modulus; &, dilational elasticity; anq, dilational viscous component.

As reported, the interfacial dilational elasticity of surfactant solutions was very
sensitive to the variation of the interfacial composition. It’s an important factor
influencing the drainage, Ostwald ripening, coalescence processes, and then the
stability of foams.**"! As shown in Fig. 3b, the absolute modulus (|&) and dilational
elasticity (&) of the surface layer of pure DSB solution both initially increase with
increasing Cpsg at Cpsg < 0.01 mM, which is ascribed to the increasing interfacial
adsorption amount® of DSB, and consequently decrease at Cpsg > 0.01 because of the
reduction of the Cpsp difference between the interface and the bulk solutions, and the
increasing diffusion rate of DSB molecules from the bulk solutions to the interface.

|l and & of the EPS/DSB solutions are much larger at very low Cpsg compared
with corresponding DSB solutions, which, on one hand, demonstrates that the

interfacial adsorption tendency of the DSB is strengthened by the EPS and, on the
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other hand, hints that the EPS molecules probably integrate with DSB molecules at
the interface. The EPS molecules can interact with each other through hydrogen
bonds to form gel-like networks in the bulk phase,? and the hyperbranched structure
of EPS molecules prohibits the molecular curling and thus ensures the relatively
larger hydrodynamic radium and more interacting sites with the DSB molecules,?* %!
so the EPS network would combine with the DSB molecules at the interface,
substantially increasing the structural strength of foam films. At Cpsg > 2.0 mM, the
formation of the EPS/DSB aggregates induces the depletion of the DSB molecules at
the interface, so the |¢ and & of the complex solutions are lower than those of the
relative DSB solutions.

In Fig. 3b, the & is much greater than the corresponding a@nqg, revealing a
dominant elastic character of the DSB interfacial layer. The |g, & and @nq of the
EPS/DSB complex solutions are much larger than those of the relative pure DSB
solutions at Cpsg < 2 mM, and the maximums of |g and & appear at Cpsg of ~0.01
mM exactly when the EPS/DSB foam exhibits the best stability (Fig. 1b), which
suggests that the EPS induced enhancement of the interfacial elasticity of the
EPS/DSB foams is a probable reason for the increase of foam stability.

The viscoelastic and compressing forces of the foams generated from the DSB
and EPS/DSB solutions with Cpsg of 2 mM were detected by TA (Table SI,
Supporting information). The viscoelastic forces of the DSB and EPS/DSB foams are
approximately equal, while the compressing force of the EPS/DSB foam is larger than

that of the DSB foam, which demonstrates that the micro stiffness of the foam films is
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298  enhanced® in the presence of EPS. The hyperbranched EPS molecules in the foam
299  film can prop up the foam films efficiently, which inspires an approach to achieving

300  extra-high foam stability.

@ 3|~ ——0.5s"
— —v— 1s"
m
g 2+ &
>
o
3
o1
>
0-
010* 10° 102 10" 10° 10
301 CDSB(mM)

(b)

G’ G"(Pa)

010* 10° 102 10" 10° 10
C,., (mM)

302
303  Fig. 4 (a) Steady viscosity and (b) dynamic moduli (G’ and G”) of EPS/DSB

304  solutions with Crps of 1.5 g/L as a function of Cpsg.

305

306 The bulk phase rheology of DSB and EPS/DSB solutions was also measured,
307  which is favorable for understanding the interactions between the EPS and the DSB.
308  The stress sweep curves indicates the existence of linear viscoelastic region for the

309  EPS and EPS/DSB solutions (Fig. S3, Supporting information). With increasing Cpsg,
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both the steady viscosity and dynamic moduli increase till reaching the equilibrium
(Fig. 4). The DSB induced viscosity and dynamic modulus decreases of solutions are
caused by the co-aggregation of EPS and DSB molecules driven by the interactions
between them. On one hand, the DSB adsorbed on the EPS molecules acts as
hydrogen breakers which considerably disrupt the hydrogen bonds between EPS
molecules as shown in Fig. 2.52>* On the other hand, the cluster or micelle of the DSB
molecules formed on the EPS molecules can weaken the electric repulsion between
each other. The bulk rheological results further conform the interactions between the
EPS and the DSB.

Comparing the results in Fig. 4 with the results of foam stability shown in Fig. 1,
it is concluded that the steric repulsion caused by the association between the DSB
and the EPS plays an important role on the stability enhancement of the EPS/DSB
foam.>

3.3 Foam drainage and coalescence of bubbles

Fig. 5 Microscope images of foam bubbles generated in (a—c) DSB and (d-f)
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327  EPS/DSB solutions with Cpsg of 2 mM (a, d) at the beginning of drainage and after
328  drainage for (b, €) 15 and (c, f) 30 min. Cgps is 0.75 g/L.

329

330 Fig. 5 shows the images of the foam bubbles generated in the DSB and EPS/DSB
331  solutions. The transformation of the bubbles with time shows clearly that the bubble
332 coalescence of the DSB foam was very quick, while that of the EPS/DSB foam was
333  very slow. The bubbles in the complex foam could last for 3.5 h (Fig. S4, Supporting
334  information), while that in the DSB foam disappeared in less than one hour, meaning

335  that Ostwald effect was highly restrained in the EPS/DSB foam.
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337

338  Fig. 6 (a) Variation of liquid volume in DSB and EPS/DSB foams with time at Cpss =
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0.1 mM; (b) Liquid volume in DSB and EPS/DSB foams with different Cpsp after

drainage for 100 s at 50 °C. Cgps 1s 1.5 g/L.

The time evolution of liquid volume (V4) in the DSB and EPS/DSB foams was
monitored directly using Foamscan after the foam were generated. Fig. 6a shows the
time-dependence of the V4 for DSB and EPS/DSB foams. The maximums of Vg for
the EPS/DSB foam was ~30 times larger than that of the relative DSB foam, and Fig.
5 also shows that the water content in the EPS/DSB foam films (Fig. 5d—f) is higher
than that of pure DSB foams (Fig. 5a—c). Fig. 6b shows the liquid volumes in DSB
and EPS/DSB foams with different Cpsp after drainage for 100 s. The EPS/DSB
foams have much stronger water-carrying capability than the pure DSB foams, which
probably arises from the strong hydrophilicity and hyperbranched structure of EPS.??
These results suggest that the EPS molecules entrapped inside the foam film is
capable of effectively inhibiting the coalescence of foam bubbles, and the increase of
water content in the foam films highly benefits the foam stability.

3.4 Dynamic stability and rheological properties of DSB and EPS/DSB foams

= DSB °

500 e EPS/DSB

0

d 3

IS

@

[

>

[m]

0 i f—i—a—8—a—8
102 10 10° 10’

C,; (MM)

Page 20 of 30



Page 21 of 30

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

RSC Advances

Fig. 7 Dynamic half-life time of DSB and EPS/DSB foams at 50 °C as a function of

Cpsg under shearing disturbance.

The dynamic stability of the foams, that is the stability under disturbance, was
also investigated. According to Fig. 7, at Cpsg of 10°-25 mM, the DSB foam can
hardly maintain the stability under shearing, while the dynamic #1» of the EPS/DSB
foams is much longer in a very large Cpsp range, indicating that the EPS/DSB foam
has a higher film strength under disturbance.’® °’ Fig. 8a shows the change of
viscosity (10 s™') of EPS/DSB foams with time under shearing at 50 °C. The viscosity
of the EPS/DSB foams increases then decreases with time. Dynamic moduli of the
DSB and EPS/DSB foams with Cpsg of 2 mM and Ckps of 1.5 g/LL were measured, as
shown in Fig. 8b. The pure DSB foam exhibits high storage and loss moduli (G’ and
G”) within initial several minutes, but decreases abruptly afterwards. The initial
increase of viscosity and dynamic moduli of foams with time is attributed to the
increase of the gas volume fraction of foams in the drainage process,’® while the
subsequent decrease results mainly from bubble coalescence.’ % The viscosity and
dynamic moduli of the EPS/DSB foam increases persistently and remains high in a
very long time (Fig. 8b), which indicates that the excellent water-carrying capacity is
very important for the good dynamic stability of the EPS/DSB foam, and the high
viscosity and elasticity of the liquid in the foam film caused by the EPS also

contribute to the good stability.
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Fig. 8 (a) Variations of apparent viscosity (10 s') and (b) dynamic moduli of

EPS/DSB foams with time at Cpsg =2 mM, Cgps = 1.5 g/L and 50 °C.

3.5 Effect of EPS concentration on foam properties

Fig. 9a shows the #r and steady viscosity of EPS/DSB solutions at different Ceps and
Cpss = 2 mM. The # and steady viscosity changes slightly at Cgps < ~1.0 g/L
approaching to the overlapping concentration of the EPS (0.95 g/L),® and
prominently increases at Cgps > ~1.0 g/L with increasing Cgps. The increase of #r
results from the increase of the steady viscosity because the increase of the viscosity
is unfavorable for the adsorption of the surfactant molecules at gas/water interface and

the development of gas bubbles.** >
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Fig. 9 (a) Foaming times (t7), (a) steady viscosity at 0.5 s™ and (b) surface tension ()
of EPS/DSB solutions and (b) half-life times (#12) of EPS/DSB foams as a function of

Cgps at Cpsg = 2 mM.

As shown in Fig. 9b, the #1» of the EPS/DSB foams at Cpsg = 2 mM increases at
Ceps < 1 g/L, and then decreases with increasing Crps. The maximum #12 is observed
at Ceps = 1 g/L. According to the discussion in section 3.1 and 3.2, the formation of
the EPS/DSB complex enhances the foam stability. The variation of the surface
tension obtained from the dynamic surface tension curves (Fig. S5, supporting

information) of the EPS/DSB solutions as a function of Cgps at Cpsg = 2 mM is also
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shown in Fig. 9b. The adsorption of EPS and DSB complex at Cgps < 1 g/L benefits
the decrease of the surface tension and brings positive effect on the foam stability. At
Creps larger than the overlapping concentration, EPS molecules are prone to form
associations through hydrogen bonds in the bulk instead of forming EPS/DSB
complex in the interfacial layer, which makes the amount of the EPS/DSB complex at
the interface decrease, the surface tension increase, and the foam stability decrease.
Thus, there is an optimal concentration for EPS to enhance the foamability and foam
stability of surfactants. This optimal concentration should be lower than its

overlapping concentration.
4. Conclusions

An eco-friendly complex solutions containing DSB and a hyperbranched
polysaccharide EPS which have weak interactions was found to be an effective
foaming system. The minimum Cpsg in the EPS/DSB foams needed for the formation
of foams decreased ~100 times than that in the relative DSB foams, and the foam
stability enhanced more than ten times in the presence of EPS. The enhanced
foamability resulted from the increase of the interfacial adsorption tendency of DSB
caused by the EPS induced change of water properties. The EPS/DSB foam stability
is highly related to its interfacial elasticity and water-carrying ability enhanced by the
formation of EPS/DSB molecular networks at the interface through hydrogen bonds
and electrostatic attraction force between them. The hyper-branched structure and
high hydrophilic character of EPS resist disturbance and deformation of the foam film,
which benefits a lot on the enhancement of the complex foam stability. This work

provides a deep insight into the mechanism of performance enhancement of
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PE/surfactant complex foam with weak interactions, which can be a very useful
approach to exploring eco-friendly high efficient foam systems.
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