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Abstract. Aqueous film-forming foam is being phased out due to the environmental
impacts of fluorinated surfactants contained in the firefighting foams. To develop an
environmentally friendly firefighting foam, it is important to understand the factors
controlling the firefighting performance of surfactants. Fuel transport through foam
has been considered as a dominant mechanism for foam collapse. Therefore, the
impact of fuels (heptane, octane and trimethylbenzene (TMB)) on surfactant
microstructure was studied for three different types of surfactants (Capstone, Gluco-
pon, and siloxane) that have applications in firefighting foam. Multiple techniques
were used to identify the microstructure and interfacial properties of surfactants with
and without exposure to liquid fuel. The ignition time of fuel vapor through foam
and solubility of fuel through liquid surfactant solution were measured as well. This
work shows fuel solubility has an impact on the surfactant microstructure and inter-
facial properties. In addition, fuel solubility and vapor pressure affect the ignition
time of fuel vapors.

Keywords: Fuel concentration measurement, Fuel impact, Interfacial properties, Ignition time, Surfac-
tant microstructure

1. Introduction

Aqueous film-forming foams (AFFF) suppress liquid pool fires by spreading over
and covering the fuel surface, acting as a physical barrier between fuel vapors and
the flame above. AFFF has been in used by fire departments for fire extinguishing,
in military, transportation, and fuel storage applications because it is the most effec-
tive agent at suppressing large hydrocarbon fuel fires [1-3]. AFFF is a combination
of fluorocarbon surfactants, hydrocarbon surfactants, additives and water. It is the
most efficient firefighting foam due to fluorocarbon surfactants in its formulations,
which can lower the surface tension of the foam solution significantly. Its high effec-
tiveness in fire extinguishment is provided by not only a foam layer but also an
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aqueous film layer on the surface of liquid fuel upon AFFF application [4]. Fluori-
nated surfactants in AFFF are bio-persistence and bio-accumulative in nature. Due
to this reason, they are being banned internationally. This includes a complete
phase-out of AFFF from the U.S. DoD by October 1, 2024. Phase out of AFFF
leads to finding an environmentally friendly alternative for current AFFF.

The fire extinguishing mechanism of traditional AFFF is the insulation of liquid
fuel from oxygen by a foam layer and aqueous film. During AFFF extinguishing
fire, the liquid drained out of the foam can form an aqueous film on the surface
of liquid fuel relying on the very low surface tension of the liquid containing fluo-
rocarbon surfactant [4]. The criterion for film formation is based on the spreading
coefficient given by Harkins and Feldman [5] as

Spreading coefficient (S) = Gftuel— Ofoamsolution— Ointerfacial

Ofuel aNd Gpoam Solution are the surface tensions of the fuel and aqueous surfactant
solution respectively and Oyperfaciar 18 the interfacial tension between the fuel and
solution. A zero or negative value for the spreading coefficient indicates an inabil-
ity to form the aqueous film.

Aqueous film formation is considered an important mechanism of foam fire
suppression. However, previous research has demonstrated questionable relation-
ships between this mechanism and fire extinguishment performance [6]. Instead of
focusing on aqueous film formation and surfactants with very low surface tension,
Hinnant et al. [7], showed that the foam layer formed by AFFF is very effective at
suppressing fuel vapors formed on a fuel surface. This was shown by measuring
fuel vapor concentration above two AFFF covered fuel pools (methylcyclohexane
and isooctane) with and without the ability to form the aqueous film. Macro-
scopic features of the foam such as bubble size and distribution, gas properties
(water solubility and diffusivity), surface tension, and solution rheology are impor-
tant features of foam [8, 9]. The effects of varying the fuel type and temperature
beneath the foam were shown to vary spreading coefficient and have demonstrated
that forming a film (i.e., positive spreading coefficient) does not correlate to vapor
blockage or fire performance [7, 10, 11]. Fuel structure was observed to play a
role in fire extinguishment and foam layer degradation with aromatics being more
difficult to extinguish compared with alkanes, cyclo-alkanes, and alkenes [12].
Snow et al. [13] revealed that surfactant chemical structure, hydrophilicity
hydrophobicity balance affects fire suppression. Fuel transport through the foam
was proposed as being a dominant reason for foam collapse, especially with
hydrocarbon surfactant where lamellae is more permeable to fuel [7].

The fuel transport mechanism can be divided into four different steps as illus-
trated in Figure 1: (1) solubility of the fuel into the foam solution, (2) vaporiza-
tion in the gas bubble, (3) diffusion of fuel in the lamellae, and (4) re-dissolving in
the solution around the bubble. Though fuel transport was identified as a poten-
tial mechanism that affects foam collapse and extinguishment performance, the
parameters controlling these phenomena are unidentified.

It was hypothesized that fuel transport will impact surfactant microstructure.
To understand fuel transport, a liquid—liquid setup was developed to study loca-
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Figure 1. Fuel transport mechanism through a foam blanket.

tion 1 from Figure 1, where a layer of fuel was placed at the top of surfactant
solution as a second phase. The surfactant solution-fuel interface was used to
study interfacial properties and samples were extracted from the surfactant solu-
tion side for microstructural study.

To date, the effects of fuel transport into the foam solution as well as surfactant
transport out of the foam into the liquid fuel have not been fully quantified or demon-
strated. For foam solution in air without the presence of fuel, a variety of advanced
experimental methods were used in other applications to quantify and visualize the
microscopic changes in surfactants and their effect on the solution transport proper-
ties. Surfactants exist on the nanoscale; therefore, cryogenic transmission electron
microscopy (cryo-TEM) was used to visualize surfactant structure [14], micelle assem-
bly [15], and changes in microstructure for fluorocarbon—hydrocarbon surfactant mix-
tures [14]. The micelles ranged from less than 5 nm up to 50 nm with some micelles
being spherical while others are more wormlike in structure. Small angle neutron scat-
tering (SANS) was used to quantify micelle assembly structure and surface concentra-
tion [16]. Measurements on single lamella or bubbles were used to isolate parameters
affecting transport [17, 18]. Numerous studies have demonstrated that cryo-TEM and
SANS can be used collectively to characterize the micelle microstructural details of
surfactant solutions [14, 19, 20]. However, none of these studies have explored the
changes in surfactant solution microstructure after exposure to liquid fuels. In addi-
tion, previous literature [7] has reported that hydrocarbon surfactants solubilizes more
fuel than fluorocarbon. There is a lack of evidence on the impact of fuel solubility on
microstructure in the bulk of firefighting foam.

This study aims to quantify the impact of liquid fuel diffusion on the surfactant
solution microstructure. To assess these, three different types of surfactants (fluo-
rocarbon (Capstone 1157), hydrocarbon (Glucopon 600 CS UP), and silox-
ane (Gelest 6185) into aqueous solution) and two types of fuel (n-alkane (heptane,
octane), aromatic (TMB)) were explored. Various experiments were performed to
observe micelle size and shape with or without exposure to fuel. Interfacial prop-
erties were measured for different surfactant solution/fuel interfaces. The quantity
of fuel diffused into surfactant solution was measured. Ignition time was measured
for fuel vapor that was transported through the foam. The results from this study
will help us understand (1) the detailed microstructure of the Capstone, Glucopon,
and siloxane, (2) impact of fuel on their microstructure (3) identify some of the
factors affecting the microstructure.
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2. Experimental Details
2.1. Materials

In this study, our goal was to investigate the single surfactants (fluorosurfactant Cap-
stone and hydrocarbon surfactant Glucopon) used in Ref-AFFF to evaluate the fac-
tors affecting fuel transport. Siloxane surfactant has been explored as a potential
alternative to fluorosurfactant in firefighting foam formulation. In addition, Capstone,
Glucopon, and siloxane were chosen as firefighting foam surfactants due to their
greater ability to reduce surface tension. Gasoline was used as the fuel in a pool for fire
extinction test in MilSpec standard, the most rigorous method for evaluating firefight-
ing foam performance. However, the presence of TMB in gasoline makes it harder to
extinguish [12]. Most other test protocols use heptane as fuel for fire extinction tests
[12]. In this work, primarily we have studied TMB and heptane to understand the dif-
ference in fuel impact on surfactant microstructure. In addition, have studied octane
from n-alkane category to observe the ignition time. TMB, heptane, and octane have a
constant composition, unlike gasoline. These fuels represent two different categories of
fuel: n-alkane (heptane, octane), and aromatic (TMB). Due to the higher flash point, it
was challenging to ignite TMB at room temperature. Therefore, a two components
(25% trimethylbenzene + 75% heptane) simulant for gasoline were used for evaluating
ignition time in the presence of an aromatic component (TMB) since suppression time
for this mixture of fuel is very close to the suppression time for gasoline [12].

2.1.1. Fuel The physical properties of TMB, heptane, and octane is presented in
Table 1. All the physical properties are taken from the Safety data sheet for these fuels
[21-23]. The calculated vapor pressure of 25%TMB-75%heptane is 37.9 mm Hg.

2.1.2. Surfactant Three different types of surfactants Capstone 1157, Glucopon 600
CS UP, and Gelest 6185 were used for this study with properties given in Table 2 and
structures provided in Fig. 2. Various experiments were done on surfactant solutions
and characterized at a range of surfactant concentrations to determine interfacial
properties. Ignition tests, fuel concentration measurements, Dynamic light scattering
(DLS) have been done at 5 times the Critical micelle concentration (CMC) based on
surfactant concentration, which is approximately the surfactant concentration used in
Reference AFFF [24]. Cryo-TEM, SANS were done at 7 times higher than Capstone
and 10 times higher than Glucopon surfactant concentration consecutively.

2.1.3. Sample Preparation Figure 3 shows the sample extraction setup. The trans-
port of fuel into the surfactant solution was quantified through a diffusion experi-
ment with ~ 15 ml liquid fuel over a layer of ~ 15 ml surfactant solution. The fuel
and surfactant solution two-phase system were prepared in a 20 ml glass vial. After
pouring the surfactant solution in the glass vial, a syringe was inserted and then a
fuel layer was added at the top of the surfactant solution to avoid any contamina-
tion on the needle while extracting the sample using the syringe. Before extracting
the sample, waited 15 min for the fuel and surfactant solution to reach equilibrium
at room temperature, this will allow diffusion processes to equilibrate before mea-
suring. The surfactant solution sample was extracted from 10 mm away from the
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Table 1
Physical Properties of Fuel

Chemical Water solubil-  Vapor pressure Flash

Fuel formula Structure ity (mg/L) (mmHg) point (C)
1,2,4 Tri- CoHi, 57 1.72 48

methylben-

zene
Octane CgH]g Hzc/\/\/\/CH3 0.66 14 13
Heotane C;H Be o~~~ 34 48 -4
Table 2

Surfactant Properties

Molecular weight Molecular length Tail

Name (g/mol) A) length Tail type Head type
Capstone 1157 570 19.322 Long Fluorocarbon Zwitterionic
Glucopon 600 CS 386 18.779 Long Hydrocarbon Nonionic
UP
Gelest 6185 550 39.945 Branched Siloxane Nonionic
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Figure 2. Svurfactant structures (a) Capstone 1157 (b) Glucopon 600
CS UP (c¢) Gelest 6185.
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interface. The extracted sample (referred to as two-layer interaction sample in this
document) was used for microstructural and fuel concentration measurements.

2.2. Methods

Small angle neutron scattering (SANS), Cryogenic transmission electron micro-
scopy (Cryo-TEM), and Dynamic light scattering (DLS) were used to measure the
surfactant microstructure in the bulk of the surfactant solution with or without
exposure to fuel. A Tensiometer was used to measure the interfacial properties
(surface tension (SFT), interfacial tension (IFT), critical micelle concentration
(CMC), surface excess, etc.). The concentration of fuel in the surfactant solution
quantified using UV/Vis spectroscopy. An ignition test was conducted to quantify
the ignition time of fuel vapors transported through a layer of foam. For ignition
tests foams were prepared using a Dynamic Foam Analyzer (DFA100).

2.2.1. Cryogenic Transmission Electron Microscopy (Cryo-TEM) As shown in
Figure 3 the samples were extracted and vitrified to visualize the micelle structure.
Vitrification was done in a controlled environment vitrification system (CEVS)
and plunged into liquid nitrogen at its freezing point using a lacey carbon grid.
The vitrified specimens were stored under liquid nitrogen (—196C). Then samples
were observed in a ThermoFisher titan krios g4 with a direct electron detector
(falcon 3EC). Cryo-TEM measurements were conducted at the CNMS facility of
the Oak Ridge National Laboratory, Oak Ridge, TN.

2.2.2. Small Angle Neutron Scattering (SANS) To observe the micelle size and
shape in the bulk, a liquid-liquid interface was created by placing a fuel layer at the
top of the surfactant solution as described in Figure 3. Two different locations away
from the interface, one on the fuel side (top phase) and the liquid side (bottom phase)
were chosen to study. Samples were prepared by dissolving precise quantities of sur-
factant in D,O with stirring. Measurements were performed at 25C in 1 mm path
length and quartz Hellma cells. Then raw scattering intensity profile I(q) versus q was
captured. The intensity profile is a function of the scattering vector, q. The wavelength
(M) of the incident neutrons is 2.5 A. Scattering was performed with the detector posi-
tioned separately at 3 and then 4 m from the sample environment, providing a g-range
of approximately 0.004—1.4 A~'. SANS measurements were conducted at beamline-6
of SNS facility, Oak Ridge National Laboratory, Oak Ridge, TN.

2.2.3. Dynamic Light Scattering (DLS) DLS was performed to observe the
micelle size in the bulk using a Malvern Zetasizer Nano ZS. The extracted sample
(as shown in Figure 3) was placed in a Polystyrene cuvette at 25C. Data process-
ing was carried out with a computer attached to the instrument. The average size
distribution of the surfactant micelle was recorded. The measurements were repe-
ated three times to check their reproducibility.

2.2.4. Tensiometer Surface tension was measured at room temperature using a
KRUSS K100C tensiometer using the Wilhelmy plate method. Each measurement
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was an average of five surface tension measurements. Using the automatic dosing
unit of the instrument, surface tension was measured at different surfactant concen-
trations. A plot of surface tension versus surfactant concentration was used to quan-
tify the CMC, which is the lowest concentration where the surface tension does not
change when there is an increase in surfactant concentration. Surface tension is lin-
early dependent on the logarithm of the concentration over a large range. The CMC
results from the intersection between the regression straight line of the linearly
dependent region and the straight line passing through the plateau. The data was
also used to quantify the surface excess. Surface excess is the area-related concentra-
tion of surfactant at the surface or interface. The concentration of surfactant at the
surface is significantly higher compared to its concentration in the bulk phase. Sur-
face excess has the unit of mol/m? and is calculated based on the slope of the surface
tension data at concentrations below the CMC using the Gibbs equation [25].

1 dy
nRT dln(c)

r= (1)

where n =1 for non-ionic surfactants, neutral molecules, or ionic surfactants, I is
the equilibrium surface excess (mol/m?), R is the gas constant (8.314 J/mol-K), T
is temperature (K), ¢ is the bulk surfactant concentration (M), vy is surface tension
(mN/m), and dy/dIn(c) is the slope of the surface tension and natural log of sur-
factant concentration. This was then used to calculate the area per molecule (nm?)

1018
" NAT

A= 2)

where N4 is Avagadro’s number (6.022 10> molecules/mol). These measurements
were conducted for all surfactants at an air interface and for select surfactants at
the solution-fuel interface.
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2.2.5. UV—-Vis Spectroscopy UV—Vis measurements were done to quantify the fuel
concentration in the bulk using a Hitachi U4100 UV-Vis—NIR spectroscopy. In
this work, we measured the TMB water solubility using UV-Vis spectroscopy as a
verification of this method. In Figure 4a, the absorbance spectra for known con-
centrations of TMB in water were measured to prepare the standard curve in Fig-
ure 4b. TMB was added to surfactant solution in known concentrations of 0.4,
0.8, 1.2, 1.6, and 2 wt%. A stirring plate and a magnetic stirring bar were used
for approximately 10 min for mixing. Afterwards, waited for 15 min for sample
equilibration and transferred it to the cuvette for analysis [26]. The absorption
peak from 300 to 230 nm was used for the analysis of TMB. The absorbances of
all the standard samples were recorded keeping water as the baseline presented in
Figure 4a.

For TMB-water analysis, a sample was extracted from a two-layer interaction
sample of water (bottom phase) and TMB (top phase) as shown in Figure 3. The
absorbance attained placed into the standard curve (absorbance versus Fuel con-
centrations Figure 4b) to quantify the concentration of TMB in water. The value
was 0.006 wt% which is close to the reported value of 57 mg/l or 0.0057 wt.% in
water [21].

2.2.6. Dynamic Foam Analyzer (DFA) The Dynamic Foam Analyzer (DFA100—
KRUSS) was used to quantify the foam quality on a bench scale. We intended to
use a consistent way to generate foam. DFA is such a method that can produce
foam in a consistent and reliable way and provide all the foam properties for vari-
ous surfactants studied in the laboratory. In this method, a surfactant solution
(35 mL) was introduced into the DFA glass cylinder container, which has a por-
ous disk with a pore size ranging from 16 m to 40 m at the bottom of the cylin-
der. Air then flows through the sparger at a rate of 0.2 L/min for 40 s. The
expansion ratio of each surfactant is calculated by measuring the foam volume
using a line sensor after 40 s of air addition. After foam generation, the initial
bubble diameter, initial bubble distribution, liquid drainage from the foam, and
expansion ratio are studied for each of the foams generated. The bubble sizes
were directly obtained from ADVANCE software.

2.2.7. Ignition Test An ignition test was developed (Figure 5) to quantify the igni-
tion time of fuel vapors transported through a layer of foam. The test was devel-
oped with inspiration from the open-cup flashpoint test that is commonly used to
assess the flammability of fuels. For the ignition test, a 75 mm diameter, 25 mm
deep glass dish was filled with a 15 mm thick layer of foam, then 25 mL of fuel
was injected with a syringe through the foam so that the foam height was close to
the top of the dish. After the fuel was injected through the foam, a pilot flame
igniter was positioned over the top of the foam in the center of the pan. The
changes in foam during the experiment were captured using a high-resolution
video camera.
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3. Resulis
3.1. Packing Parameter

Surfactants tend to self-assemble themselves into micelle above their critical
micelle concentration (CMC). The molecular packing parameter (p), a theory
developed by Israelachvili et al. to describe or calculate the shape of molecular
self-assembled structures in a surfactant solution [27]. p can be estimated using the
following equation:

v

- 3

p aol ( )

where, v and 1 are the volume (nm?) and length (nm) of the hydrophobic tail, a,

= the effective head group area (nm?) at the interface of the hydrophobic core—
hydrophilic media.
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This parameter allows a simple and intuitive insight into the relationship
between molecular structures and the shape of self-assembly. For example, 0 < p<
1/3 is for spherical micelles, 1/3 < p<1/2 is for cylindrical ones, 1/2 < p <I is for
bilayer structures, such as vesicles, and p >1 is for inverted structures [28-30].

The chemical structures of surfactants used in this study were drawn using
Chem sketch. Tail length and volume for the surfactant structures were attained
using the Avogadro software [31]. Effective head group area was calculated from
tensiometer discussed in the Interfacial properties section of this paper. The calcu-
lated p values indicated the shape of the micelles formed (i.c., vesicles, worm-like
and inverted structure for Capstone, Glucopon and siloxane surfactants respec-
tively) [30]. See supporting information (Table S1) for more details (see Table 3).

3.2. Microstructural Features of Surfactants

3.2.1. Cryogenic Transmission Electron Microscopy (Cryo-TEM) 3.2.1.1. Cap-
stone The self-assembly behavior of Capstone with or without exposure to liquid
TMB was observed by cryo-TEM. As shown in Figure 6a, it was noticeable that
Capstone molecules self-assemble into vesicles in solution rather than forming
micelles consistent with literature [32]. At a concentration higher than CMC (7
times higher than CMC based on surfactant concentration), observed single lamel-
lar vesicles formed by Capstone molecules, and the diameters of vesicles are~
37 nm. In Capstone-TMB (Figure 6b), the size of vesicles increased and diameter
is around 194 nm. In some cases, they formed multilamellar vesicles can be
observed clearly in Figure 6b. Cryo-TEM images showed the impact of Trimethyl-
benzene (TMB) on the Capstone vesicle and revealed that adding TMB results in
two changes (1) an increase in aggregation/grouping of the vesicles and (2) an
increase in the diameter and (sometimes) membrane layers. Most likely Capstone
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Table 3

Calculated p Value and Graphical Representation of Self-Assembly
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Figure 6. Cryo-TEM for (a) Capstone (b) Capstone-TMB.

was solubilizing TMB and forming swollen micelle but the location of fuel mole-
cules was not confirmed for Capstone-TMB from this analysis.

3.2.1.2. Glucopon Cryo-TEM reveals self assembly behavior of Glucopon 600 CS
UP in aqoueous solution. Glucopon formed worm like micelles as shown in Fig-
ure 7, at a concentration higher than CMC (10 times higher than CMC based on
surfactant concentration). We observed worm like micelle for Glucopon-TMB pre-
sented in Figure 7. Visually from cryo-TEM no difference was observed in terms
of micelle size and shape between Glucopon and Glucopon-TMB.
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Table 4
SANS Measurement for Capstone

Sample Thickness (A) d_spacing (A)
Capstone 28+£0.2 325+9.08
Capstone-heptane 27 +0.19 331 +£6.92
Capstone-TMB 28 £0.22 373 +£8.92

iy

Water d_spacing

AW

Figure 8. a Multilamellar vesicle b d_spacing for vesicles.
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Table 5
SANS Measurement for Glucopon

Sample Radius (A) Length (A)
Glucopon 14.78 £ 0.11 654+ 14
Glucopon-heptane 14.81 £0.07 633+ 13
Glucopon-TMB 14.66 = 0.08 728 £ 16

3.2.2. SANS For in-situ observation of structures in the bulk and fuel phase,
measurements were performed using SANS. Scattering profiles are included in the
supporting information section.

3.2.2.1. Capstone The scattering profile (see Figure S1 for supporting informa-
tion) indicated that Capstone 1157 formed a lamellar structure. The form factor
“lamellar structure paracrystal” was the representation of large multilamellar vesi-
cles. Sheet thickness (t) was~28 A and similar for Capstone, Capstone-heptane,
and Capstone-TMB. However, the d_spacing occurred to increase for the Cap-
stone-TMB (Table 4). It was confirmed from the Cryo-TEM images that the pres-
ence of TMB increased the vesicle size and membrane layers (Figure 6). Therefore,
it was likely that the d_spacing would increase (Figure 8). The d_spacing (Table 4)
was similar for Capstone and Capstone-heptane indicating that heptane did not
impact the vesicle size.

3.2.2.2. Glucopon The scattering profile (see Figure S2 for supporting informa-
tion) from SANS result showed that Glucopon formed worm like micelle. The
form factor “flexible cylinder elliptical” was a representation of a worm-like
micelle. The radius was ~14 A for Glucopon. The overall length of the micelle
was 654 + 14 A (Table 5). In the two-layer sample, length of the micelles in the
bulk of the solution was somewhat decreased due to presence of heptane in the
top phase. In this case, more surfactants were traveling to the interface, thereby
decreasing the micelle length. For the case of TMB on the top phase, micelles
were increasing in length by 100 A (Table 5). The characteristic of worm-like
micelles is that they grow in length to accommodate fuel molecules [33]. As a
result, the increasing length of the worm like micelle indicated fuel solubilization.

3.2.2.3. Siloxane According to SANS fitted model (see Figure S3 from supporting
information), siloxane surfactant was ellipsoidalu. In the presence of heptane and
TMB on the top phase (Table 6), micelles in the bulk of the solution did not
change shape and radius. Therefore, TMB and heptane did not affect the
microstructure of the siloxane surfactant. However, the scattering data (see Fig-
ure S4 from supporting information) indicated the presence of structures in the
heptane phase (top phase in Figure 3) for Siloxane-heptane. This confirmed the
formation of reverse micelle. SANS data was fitted using sphere model and radius

was around 363 AA (Table 7).
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Table 6

Radius for Siloxane from SANS (Bottom Phase)

No Name Radius (A/)
1 Siloxane 20 +0.03

2 Siloxane-heptane 20+ 0.03

3 Siloxane-TMB 20 +0.04
Table 7

Radius for Siloxane from SANS (Top Phase)

Name Model Radius (A)

Siloxane-heptane Sphere 363+ 11

3.2.3. DLS Dynamic light scattering (DLS) measurements were performed to
assess the change of micelle size in the bulk of the surfactant solution due to fuel
exposure. For different surfactant micelles with fuel exposure resulted in increase
size and sometimes two different size distributions were observed, see Figure 9.
TMB showed much higher effect in the microstructure compared to heptane for
both Capstone and Glucopon. The polydispersity for the reported sizes was
around 0.2-0.3 which means a moderately polydisperse distribution type.

3.3. Interfacial Properties

To observe the impact of fuel at the interface surface tension, interfacial tension,
and surface excess, CMC has been measured with or without the presence of fuel.

3.3.1. Surface Tension Surface tension results were presented in Figure 10 for all
three surfactants at initial concentrations higher than their CMC. This includes
both the surface tension (SFT) for air/surfactant solution as well as interfacial sur-
face tension (IFT) for fuel/surfactant solution. Comparing the SFT for three sin-
gle surfactants, Capstone has its greatest ability to lower the surface tension at the
air/surfactant solution interface (15.99 mN/m) while Glucopon has the highest
(28.45 mN/m). All values were consistent with those reported elsewhere [34, 35].

The results in Figure 10 demonstrated that IFT value is fuel and surfactant type
dependent. Glucopon-TMB IFT value of 11.57 mN/m is higher than Glucopon-
heptane IFT value of 5.51 mN/m. In most cases, IFT values are in the range of
4-12 mN/m except for Siloxane-heptane which has a very low IFT of 0.7 mN/m.
This indicated that the siloxane surfactant made the heptane and aqueous solution
more miscible.

3.3.2. CMC The CMC for the solutions was determined using surface tension
data at different surfactant concentrations. Below the CMC, the surface tension
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increases with a decrease in surfactant level while above the CMC the surface ten-
sion is constant. The surfactant concentration at the intersection of these two lines
is the CMC. The CMC value measured for Capstone, Glucopon, and Siloxane
surfactant solutions of 0.011, 0.012, and 0.009 wt.% of surfactant, respectively
(Figure 11). CMC values were consistent with literature for all the cases [34, 395].

3.3.3. Impact of Fuel on CMC CMC values for Capstone, Capstone-heptane, and
Capstone-TMB are 0.011, 0.011, and 0.006 wt.% respectively (Figure 12a). A sim-
ilar trend was observed for CMC values for Glucopon, Glucopon-heptane, and
Glucopon-TMB which are 0.012, 0.012, and 0.006 wt.% respectively (Figure 12b).
Results showed that for both Capstone and Glucopon surfactants, CMC with
heptane-surfactant solution was same as air-solution. However, CMC with TMB-
surfactant solution was lower than air-solution. This indicated that the TMB
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interacted with the surfactant solution causing micelle formation at lower concen-
trations. Hence, decreasing CMC in the presence of TMB.

CMC values for Siloxane, Siloxane-heptane, and Siloxane-TMB are 0.009, 0.06,
and 0.009 wt.% respectively (Figure 12c). CMC with TMB-surfactant solution
was same as air-solution. However, CMC with heptane-solution was higher than
air-solution. This indicated that near CMC region, surfactants travel to the fuel
phase rather than forming micelle in the bulk of surfactant solution. Hence, CMC
value increased. This indicated the formation of reverse micelle.

3.3.4. Surface Excess Figure 13 showed that surface excess for Capstone-TMB in
comparison to Capstone was decreased to 70%, for Glucopon-TMB in compar-
ison to Glucopon decreased to 52%. These results indicated that TMB caused sur-
factants to go away from the interface and reduced surface excess. For heptane-
siloxane in comparison to siloxane surface excess was reduced to 73%, meaning
that heptane caused siloxane surfactants to move away from the interface reduc-
ing the surface excess. A similar trend for low surface excess was observed for
Trisiloxane surfactants in the presence of hydrocarbon fuels [36].

3.4. Impact of Surfactants on Fuel Solubility

UV-Vis spectroscopy measurements were performed to quantify the fuel solubility
in the bulk of the surfactant solution. According to previous literature octane,
heptane, TMB have 0.000066, 0.0003, and 0.0057 wt.% solubility in water consec-
utively [21-23] presented in Table 8. Benzene ring fuel (TMB) has higher water
solubility than alkane type fuels.

The UV-Vis spectroscopy results revealed that none of the surfactants used in
this study increased the solubility of alkane type of fuel (octane, heptane). The
absorbance versus wavelength spectrum for Capstone-octane and Capstone-hep-
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tane was close to Capstone-baseline (Figure 14a). For Glucopon-octane and Glu-
copon-heptane was close to Glucopon-baseline (Figure 14b). Therefore, Capstone
and Glucopon did not increase the solubility of octane and heptane in water.
According to Figure 14a, b Capstone-TMB and Glucopon-TMB absorbance ver-
sus wavelength peaks were higher than Capstone-baseline and Glucopon-baseline
respectively. Therefore, Capstone and Glucopon surfactant increased the solubility
of TMB in water. The concentration of TMB in Capstone and Glucopon solution
was found 0.12 wt.% and 0.18 wt.% respectively (Figure 15). According to Fig-
ure 14 siloxane did not increase the solubility of octane, heptane, 25%TMB-hep-
atne. The absorbance for siloxane-TMB was slightly higher than siloxane baseline.
However, the solubility of TMB in siloxane solution was 0.0038 wt.% smaller
than the solubility of TMB in water.

UV-Vis spectroscopy could not detect the solubility of 25%TMB-75%heptane
in water. Figure 16 showed that absorbance peak was higher for Glucopon-25%
TMB-75%heptane than Glucopon-baseline. Therefore, 25%TMB-75%heptane has
solubility in Glucopon solution. For Capstone-25%TMB-75%heptane the absor-
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Table 8
Water Solubility of Fuel

Fuel Water solubility (wt.%)
Octane 0.000066

Heptane 0.00034

TMB 0.0057
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bance peak was close to Capstone-baseline. Therefore, 25%TMB-75%heptane was
not soluble in Capstone solution in a static liquid-liquid setup. In the liquid-lig-
uid set up stirring was introduced at the bottom phase (as shown in Figure 3) for
15 min for Capstone-25% TMB-75%heptane before sample extraction. After stir-
ring Capstone-25%TMB-75%heptane showed an absorbance peak higher than
Capstone-baseline. Therefore, 25%TMB-75%heptane has solubility in capstone
solution with stirring. However, with and without stirring Glucopon-25%TMB-
75%heptane showed higher absorbance peaks compared to Capstone-25%TMB-
75%heptane. Therefore, 25%TMB-75%heptane has higher solubility in Glucopon
solution compared to Capstone solution.



Understanding the Impact of Fuel on Surfactant Microstructure

Table 9
Foam Properties

Surfactant Expansion ratio (ER) 25% liquid drainage [s]
Capstone 74+0.3 54.1+2

Glucopon 6+0.07 433+1.3

Siloxane 10.5+0.1 65.6+0.5

3.5. Ignition Test

For ignition tests, foam was generated using DFA as detailed in the experimental
section. Three different types of foams and two different types of fuels were used
for analysis. Foam properties were observed as well. Ignition time for each type of
fuel through different surfactant foam solutions was recorded for analysis pur-
poses.

3.5.1. Foam Tests Table 9 highlighted that the expansion ratio for Glucopon was
lowest in comparison to Capstone and siloxane. 25% liquid drainage time is low-
est for Glucopon. Wetter foam usually drains faster compared to drier foam.
Longer drain time has been observed for Capstone due to having smaller bubble
diameter compared to Glucopon. Since the mean free paths length would then
become higher due to smaller bubble diameter and the solution would have a
longer distance to go. However, Siloxane formed comparatively a less wet foam
indicated by high expansion ratio compared to Capstone and Glucopon; there-
fore, a longest drain time [37]. Figure 17 depicts the bubble diameter for three
surfactants. Siloxane has the largest and Capstone has the smallest diameter bub-
ble. The decrease in bubble size was most likely due to a decrease in expansion
ratio [38]. The bubble size and expansion ratio were dependent on each other but
are not dependent on surfactant molecular structure or surface tension [34].

3.5.2. Ignition Time of Fuel The ignition time for heptane, octane, and 25%TMB-
75%heptane through Capstone, Glucopon, and siloxane foam solution were pre-
sented in Figure 18. 25% TMB-heptane has the lowest and Octane has the highest
ignition time for all three-surfactant foam solutions tested. Irrespective of the fuel
types, Capstone foam solution has the highest, and siloxane foam solution has the
lowest ignition time.

4. Discussion

The findings from this study show that TMB has affected the microstructure of
Capstone and Glucopon due to their higher solubility in surfactant solution. On
the other hand, microstructure is unaffected by heptane due to its poor solubility
in surfactant solution. The ignition time for fuel mixture 25%TMB-75%heptane is
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shorter compared to heptane and octane due to higher solubility in Capstone and
Glucopon foam solution.

The solubility of fuel (i.e., the maximum amount of fuel solubilized in surfac-
tant solution) in surfactant solution will have a significant impact on the
microstructure. According to SANS and DLS results, heptane did not change the
micelle size in the bulk for the three surfactants used in this study significantly.
Heptane has 0.0003 wt.% solubility in water which makes them almost insoluble.
Fuel concentration measurements (Figure 14) reveal that in a static liquid-liquid
setup (Figure 3) Capstone, Glucopon, and siloxane did not increase the solubility
of heptane in water. Therefore, due to the poor solubility of heptane in surfactant
solutions, no changes in the micelle size or shape have been observed for Cap-
stone, Glucopon, and siloxane. Cryo-TEM, SANS, and DLS reveal that TMB has
changed the micelle size for both Capstone and Glucopon.
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Figure 15 shows that the presence of Capstone and Glucopon in water has
increased TMB solubility and the values are 0.12 and 0.18 wt.% respectively. We
have observed the formation of multilayer vesicles, an increase in diameter of vesi-
cles for Capstone (Figure 6), and one-dimensional growth of worm-like micelle of
Glucopon (Table 5). Previous literature has shown that hydrocarbon surfactant
diffuses to bulk along with the solubilized fuel molecules forming swollen micelle
[39]. The data from this research indicates that micelle size increases due to the
TMB solubility; however, the location of TMB molecules inside the micelle has
not been verified. Further study would require locating the fuel molecules inside
the micelle.

The solubility of fuel in surfactant solution will impact the interfacial proper-
ties. According to literature, once fuel molecules have higher surface activity, the
effectiveness of the surfactants in keeping low IFT decreases, hence interfacial ten-
sion increases [40]. Interfacial tension (IFT) measurements (Figure 10) show
higher IFT values for Capstone-TMB and Glucopon-TMB compared to Cap-
stone-heptane and Glucopon-heptane respectively. The benzene ring increases the
amphiphilicity or surface activity of TMB. Fuel concentration measurements (Fig-
ure 15) show that TMB has higher solubility in Capstone and Glucopon solution.
The higher solubility of TMB in Capstone and Glucopon solution (Figure 15)
causes surfactants to go away from the interface to the bulk and form structure at
lower concentrations. Thus, increasing IFT value for Glucopon-TMB and Cap-
stone-TMB, reduces surface excess (Figure 13) and decreases CMC (Figure 12). A
comparable decrease in surface excess has also been reported for long chain
alkylpolyglucoside surfactants in the presence of benzene ring fuels as second
phase [39].

Figure 19 is the representation of the normalized value of surface excess. It is
interesting to observe that when surface excess reduction is~70% or less
microstructure seems to be changing in the presence of fuel. Microstructural and
interfacial properties indicated that fuel solubility in surfactant solution is critical
to fuel transport.

The fuel solubility in surfactant solution will have an impact on ignition time.
From ignition tests we have observed that Capstone has higher ignition time irre-
spective of fuel type (Figure 18). Due to oleophobic and hydrophobic combina-
tion along with lowest surface tension, Capstone is the best performer. Capstone
has longer ignition time compared to Glucopon for 25%TMB-75%heptane. The
higher solubility of 25% TMB-75%heptane in Glucopon solution is the reason for
shorter ignition time compared to Capstone solution. Hydrocarbon surfactant can
solubilize 25%TMB-75%heptane fuel molecules more than fluorocarbon surfac-
tant which follows the trend provided by Hinnant et al. [7]. Therefore, higher fuel
solubility in surfactant solution causes shorter ignition time. The solubility of this
fuel mixture in surfactant solutions increases due to the presence of TMB. In
addition, TMB solubility in water increases due to Capstone and Glucopon.
Therefore, due to higher solubility of TMB in surfactant solution observed chan-
ges in microstructure, interfacial properties, and shorter ignition time.

Higher vapor pressure decreases ignition time as well. Both octane and heptane
have poor solubility in water (Table 8). None of the surfactants have increased
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solubility of octane or heptane (Figure 14) in water. Nonetheless, the vapor pres-
sure of heptane is higher than octane (Table 1) and higher vapor pressure decrea-
ses the ignition time in this instance. Hence, ignition time is shorter for heptane
compared to octane (Figure 18). Although, the vapor pressure for heptane is
49 mm Hg higher than the vapor pressure of 25%TMB-75%heptane which is
37.9 mm Hg. However, ignition time for 25%TMB-75%heptane is shorter com-
pared to heptane due to its higher solubility. Therefore, the poor solubility of hep-
tane in Capstone and Glucopon solutions caused longer ignition time compared
to 25%TMB-75%heptane. The fire extinguishment time has increased with
increasing vapor pressure and fuel water solubility as shown by Briggs and Webb
et al. [41]. In this work, we have shown that surfactant increases solubility of fuel
in water. Then higher solubility of fuel decreases ignition time. It would be expec-
ted that a lower ignition time would correspond to a higher extinguishment time.
Therefore, the trend for ignition test results is similar to the fire extinguishment
tests by Biggs and Webb [41].

A low surface excess might be the reason for the poor performance of silox-
ane surfactant foam solution during ignition test. Figure 18 shows that siloxane
foam solution has a very low ignition time for all the fuels tested. Heptane and
TMB have poor solubility in siloxane surfactant solution (Figure 14). SANS result
reveals that siloxane micelle size and shape do not have any effect of heptane or
TMB (Table 6). However, surface excess for siloxane is smaller compared to Cap-
stone and Glucopon (Figure 13). A lower surface excess means the number of sur-
factants at the interface is low which cannot provide enough resistance against
fuel transport. A comparatively high expansion ratio (Table 9) and larger bubble
size (Figure 17) have been observed for siloxane foam solution which means
foams are comparatively dry, and a smaller number of surfactants are present
throughout the foam solution. Therefore, lower surface excess and higher expan-
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sion ratio might be the reason for poor performance of siloxane foam solution
during ignition test.

Convection might have some effect on fuel transport. In foams, the solution is
continuously draining down the foam due to gravity toward the fuel surface. The
motion of the drained surfactant solution at the fuel surface induces convection at
this interface. To explore the convection effect, stirring was introduced in the bot-
tom phase of Capstone solution (Figure 3). Figure 16 shows that 25%TMB-75%
heptane gets solubilized by Capstone solution when stirring was done in the bot-
tom phase (Figure 3) which means convection might have an effect on surfactant
foam solution draining. Glucopon solution can solubilize 25% TMB-heptane with
and without stirring (Figure 16). Convection effect can be fuel and surfactant-type
dependent, and further work is needed to fully understand this effect.

Vesicles formed by Capstone in the bulk might have some effect on the longer
ignition time of Capstone compared with Glucopon. Vesicles might be more
stable while capturing fuel [42] and not allowing fuel to be released in the gas
phase compared to worm-like micelles of Glucopon. However, further studies will
be required to confirm the impact of micelle shape on fuel transport.

The analysis of fuel impact on single surfactants followed common trends. How-
ever, microstructural visualization of single surfactants provides direct evidence of
the impact of fuel. Moreover, factors affecting microstructure and implication of
this factor in ignition time.

Capstone forms vesicles at the nanoscale. The diameter and sometimes mem-
brane layer thickness of the vesicles increase in the presence of TMB. Glucopon
forms worm-like micelles, and one-dimensional growth occurs in the presence of
TMB. Due to the higher solubility of TMB in Capstone and Glucopon solution,
microstructural changes occur. Heptane does not impact Capstone and Glucopon
microstructure. Due to the poor solubility of nonpolar fuel like heptane in Cap-
stone and Glucopon solution microstructure is unaffected. Siloxane creates ellip-
soidal micelles, and TMB or heptane does not impact the bulk microstructure
rather siloxane forms reverse micelle in heptane. In addition, interfacial tension
increases, surface excess, and CMC reduces due to the higher solubility of polar
fuel like TMB in Capstone and Glucopon solution. Microstructural and interfa-
cial properties show that fuel solubility in surfactant solution is an important fac-
tor during fuel transport.

Ignition time is shorter when microstructure and interfacial properties have
shown an impact of fuel solubility. The higher solubility of 25%TMB-75%hep-
tane in Capstone and Glucopon solution causes lower ignition time compared to
heptane. However, heptane has a shorter ignition time than octane due to its
higher vapor pressure. Moreover, siloxane has the lowest ignition time due to its’s
low surface excess compared to Capstone and Glucopon solution. Therefore, igni-
tion test results show that higher solubility of fuel in surfactant solution and
higher vapor pressure, low surface excess impact ignition time. Overall, this study
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highlights the significance of both surface excess and fuel solubility in surfactant
solution as important properties when developing a novel surfactant.
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