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ABSTRACT: The current most efficient solution to extinguish liquid hydrocarbon (class B) pool fires involves fire-fighting foams
containing fluorinated surfactants. However, fluorocarbon surfactants are unsafe due to their environmental persistence and negative
toxicological/bioaccumulative impact. To this end, we show that fluorine-free aqueous suspensions of Glass Bubbles (GB) modified
with hydrophilic polymer grafted layers can efficiently extinguish hydrocarbon pool fires. Namely, GB grafted with poly(oligo
(ethylene glycol) methyl ether methacrylate) (POEGMA), GB-G was fabricated employing “grafting-through” and “grafting-from”
methods and used to obtain the suspensions. It was found that the GB suspension, with a grafted layer of higher molecular weight
and lower grafting density (GB-GL), proved superior to the more densely grafted GB-GH and nongrafted GB-0 system. The GB-GL
suspensions displayed less negative spreading coefficients and viscosities lower than those of GB-GH/GB-0 compositions. When
siloxane−polyoxyethylene surfactant was added to all GB suspensions, the interfacial properties were dominated by the surfactant,
with all suspensions having the same positive spreading coefficient. However, the GB-GL-surfactant composition had the lowest
viscosity among the suspensions studied in this work. Specifically, the viscosity of GB-GH and GB-0 suspensions at a shear rate of 77
s−1 was ∼110% and 70% higher than that of GB-GL. Due to the lower viscosity, the GB-GL suspension demonstrated the most
efficient spreading over model hydrocarbon solid (polyethylene) and liquid (hexadecane) surfaces when the surfactant was added.
The suspension also showed the best performance in the retardation of hexane evaporation when placed over the heated hexane
pool. After 50 min, the amount of hexane that evaporated through GB-GH and GB-0 suspensions was ∼8 and 11 times higher,
respectively, compared to the GB-GL suspension. We found that the GB-GL-surfactant system was the most efficient GB suspension
in extinguishing the fire due to its superior spreading and sealing ability. It was within 10% of fluorine-containing foam’s fire
extinguishment performance. The GB suspensions are much safer in terms of burnback resistance as a torch applied directly to the
suspension after extinguishment could not reignite the fire. The GB material is recyclable, since it can be collected and reused after
application to a fire.
KEYWORDS: firefighting, fluorine-free, glass bubbles, polymer grafted layer, polymer brushes, suspensions

■ INTRODUCTION
The current most efficient solution to extinguish liquid
hydrocarbon (Class B) pool fires involves firefighting foams
containing fluorinated surfactants.1 However, fluorocarbon
surfactants are unsafe long-chain perfluoroalkyl substances
(LCPFAs, CnF2n+1, n ≥ 7), sometimes referred to as “forever
chemicals”2 in popular media due to their persistence in the
environment and toxicological/bioaccumulative impact on
humans and wildlife.3−8 Significant efforts were undertaken
to develop fluorine-free alternatives over the years.9 Never-
theless, none of those fluorine-free foams extinguish a
hydrocarbon pool fire as fast and efficiently as fluorocarbon-

containing AFFFs (Aqueous Film Forming Foams).9−15 The
efficiency of AFFFs is based on the unique physicochemical
properties of these foams that are considerably different from
all of the other currently available firefighting compositions.
Fluorinated surfactants of AFFFs lower the surface tension of
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water to an unparalleled 16 mN m−1, and the solution draining
from the foam structure forms a continuous aqueous film on
the surface of a volatile fuel, adding a barrier to fuel vapor
diffusion to the burning fire.16,17 It is also suggested that AFFF
forms a significant barrier for fuel vapors because of the high
foam stability arising from the oleophobicity of the
fluorosurfactant.18,19

There are primarily two parameters essential to efficiently
extinguishing a liquid fire: a firefighting agent should quickly
spread across the liquid fuel, and after doing so, the foam layer
should seal the fuel surface, blocking fuel vapor from oxygen
above the foam.17,19 For spreading to occur, the surface tension
of the spreading medium and the interfacial tension between
the spreading medium and the fuel surface should be low, as
the spreading coefficient, SC (eq 1), should be positive for
spreading to happen20

=SC A/F L/F A/L (1)

where γA/F is the air−fuel interfacial tension, γL/F is the
interfacial tension between the spreading liquid and the fuel,
and γA/L is the air-spreading liquid interfacial tension. In
addition to low surface and interfacial tension, the viscosity of
the spreading medium should also be low.21 When the density
of the spreading medium is less than the density of the fuel,
hydrostatic pressure acts on the spreading medium to flatten it
across the fuel surface.17 The viscosity of the spreading
medium resists this flattening.22 Therefore, the viscosity should
be low to spread the material efficiently on the fuel efficiently.
Once the material has covered the fuel surface, the material’s

sealing property becomes very important. Hinnant et al. have
argued that the ability of a foam structure to block fuel vapors
from diffusing through the foam structure to the flame above
the foam is the most important property in firefighting.18,23,24

When fluorosurfactants, which have the unique advantage of
having a tail that is both oleophobic and hydrophobic, are not
used, no aqueous film is formed, and the prevention of fuel
vapor diffusion depends primarily on the strength of the bulk
foam structure. Fuel vapors attempt to degrade the foam
structure, and as a rule, lower degradation and coarsening of
the foam structure lead to lower fuel vapor diffusion through
the foam. The strength of a foam structure in the presence of
fuel vapors is dependent upon several interdependent factors,
such as the rate of liquid drainage from the foam, which
depends on the bulk viscosity and surface viscosity of the
liquid, the latter of which increases with an increasing packing
density of the surfactant at the air−water interface.17
Additionally, as fuel water solubility increases, fuel vapor
diffusion through the foam increases.25 Fluorine-free surfac-
tants, unlike fluorosurfactants, lack an oleophobic tail. For this
reason, fuels are more soluble in fluorine-free foams than in
fluorinated foams. Therefore, the cells of nonfluorinated foams
usually contain fuel vapors and air, which is a mixture that can
ignite given enough heat.17

Hence, the major barriers to developing nonfluorinated
foams having the same efficiency as AFFFs are the higher
surface tension of nonfluorinated surfactants and the affinity of
their hydrophobic block to the hydrocarbon liquids. Those
fundamental challenges cannot be overcome with any known
nonfluorinated substances. To this end, we aimed to beat this
“physicochemical impossibility” by generating a physical water-
containing barrier, preventing the hydrocarbon fuel evapo-
ration during a fire. Our design used commercially available
low-density hollow glass bubbles (GB) modified with “water-

holding” hydrophilic poly(oligo (ethylene glycol) methyl ether
methacrylate) (POEGMA) grafted layers, GB-G. In fact, a
water suspension of GB-G (containing an environmentally
friendly siloxane surfactant), placed on the pool of liquid
hydrocarbon, quickly spreads over and practically arrests the
fuel evaporation. We found that increasing the molecular
weight and decreasing the graft density leads to a larger water
shell surrounding the GB-G, lower suspension viscosity,
increased spreading of the GB-G layer across a hydrophobic
surface, and better sealing of the hydrocarbon liquid surface.
These properties contribute to the significant firefighting
performance of the suspension composed of GB-G. This
suspension is within 10% of the fire extinguishing efficiency of
an industrial AFFF, yet our environmentally friendly fire-
fighting composition is much safer in terms of burnback
resistance, as a torch applied directly to the suspension after
extinguishment could not reignite the fire. Finally, our material
can be collected and reused after application to a fire, which is
a capability that no liquid foam or dry chemical possesses.

■ EXPERIMENTAL SECTION
A detailed description of experimental procedures is presented in
Supporting Information (S2).
Materials. The following materials were used in this study: S32HS

GBs (3M) glass bubbles provided by 3M; methyl ethyl ketone (MEK)
[Fisher, technical grade]; 3-(trimethoxysilyl) propyl methacrylate
(TMSPM) [98%, Sigma-Aldrich]; oligo(ethylene glycol)methyl ether
methacrylate (OEGMA) [Mn 300 g/mol, Sigma-Aldrich]; mono-
methyl ether hydroquinone (MEHQ) and tert-butylcatechol inhibitor
removers [Sigma-Aldrich], azobis(isobutyronitrile) (AIBN) [Sigma-
Aldrich]; toluene [HPLC grade, Alfa Aesar]; (3-glycidyloxypropyl)-
trimethoxysilane (GPS) [Sigma-Aldrich]; dimethyl sulfoxide
(DMSO) [99.7%, Thermo Scientific]; 4,4′-azobis (4-cyanovaleric
acid) (ACP) [Sigma-Aldrich]; 2-methylpyridine [98%, Sigma-
Aldrich]; AFFF [Solberg Arctic AFFF 6% concentrate]; hexadecane
[99%, Sigma-Aldrich]; diethylene glycol monobutyl ether (DGBE)
[Sigma-Aldrich]; DOWSIL 502W (provided by DOW Chemical);
and Glucopon 225DK (provided by BASF).
Modification of GBs with Polymer Grafting. To obtain GB-GL

(“grafting through” method,26 SI: Figure S1), the GBs were first
modified with TMSPM. Next, OEGMA was grafted to the surface
employing double bonds of TMSPM by the solution radical
polymerization initiated by AIBN. For the synthesis of GB-GH
(“grafting from” method,27 Figure S2), the GB surface was modified
with GPS and then with the attachment of initiator (ACP) via the
epoxy groups of GPS. OEGMA was grafted to the GB surface by
solution radical polymerization initiated by AIBN in the solution and
ACP from the surface. The obtained GB-GL and GB-GH glass
bubbles were rinsed three times with MEK to remove the ungrafted
polymer and dried.
Characterization. Scanning electron microscopy (SEM) was

performed on a Hitachi SU9000. Thermogravimetric analysis (TGA)
was conducted using a TA Instruments AutoTGA 2950 instrument
using a 20 °C/min temperature ramp rate up to 600 °C. The weight-
average molecular weight (Mw) was determined using dynamic light
scattering (DLS) (Malvern Instruments Zetasizer Nano ZS) and static
light scattering (SLS) with a Brookhaven BI-200SM Goniometer in
combination with a 640 nm HeNe laser (45 mW). To measure the
surface tension, the pendant drop method was used [Krüss Drop
Shape Analyzer (DSA10)]. An inverted needle was placed into a
hexadecane pool for the interfacial tension measurements, and the
pendant drop was analyzed by using the DSA software. The viscosity
experiments used a Brookfield Ametek DV3THBCJ viscometer
(spindle CP-42). The UV−vis spectra were obtained with a Shimadzu
UV3600 UV−vis−NIR Spectrophotometer. Fire temperature was
measured using FLIR TG165 Imaging IR Thermometer. An infrared
hexane gas sensor (ATI D12Ex-IR transmitter with a 00-1905 sensor)
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was used to determine the level of hexane evaporation. A humidity
sensor (Omega HX71-MA) was employed to measure water
evaporation.

■ RESULTS AND DISCUSSION
Approach. Our approach is summarized schematically in

Figure 1. Considering the aforementioned critical parameters,
we targeted a fluorine-free firefighting composition that could

spread quickly across and hold water above the fuel surface
without degradation by the vapors. Glass bubbles were selected
because of their low density and low thermal conductivity.28

We established that dry GBs wick fuel; therefore, the GBs have
to be applied to a fuel surface as an aqueous suspension.
However, we envisioned that the GBs should be modified with
a hydrophilic polymer shell to create a gel-like water-holding
outer shell when the GBs are dispersed in water. Doing so

Figure 1. Summary of our approach in this work. AFFF forms a water film over the fuel, which aids in sealing the fuel surface. GBs are light and
float on fuel, but without modification, a suspension of GBs does not sufficiently hold water above fuel. If modified with a hydrophilic polymer
brush, the GBs swell with and hold water above the fuel surface, which seals the fuel surface, like AFFF does with an aqueous film. The parameters
of the polymer brush layer significantly affect the properties of the overall suspension.

Figure 2. SEM images of (top) GB-0, (middle) GB-GL, and (bottom) GB-GH.
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increases the amount of water held above the fuel by the
suspension, which aids in sealing the fuel surface. Additionally,
it was assumed that lubrication between GBs provided by the
swollen water-grafted layer could decrease the viscosity of the
suspension, aiding the spreading. We fabricated two different
types of polymer-modified GBs�one with long, sparsely
grafted chains of a brush-like polymer and the other with short,
densely grafted chains of the same brush-like polymer to
observe the effect of grafted layer structure on the firefighting
performance of GB-G suspensions.
Glass Bubbles Used in This Study. In this work, we used

commercially available glass bubbles with a reported density of

0.32 g/cm3. The scanning electron microscopy (SEM) images
of the GBs are shown in Figure 2. The image analysis of ∼200
bubbles found that the average diameter of the GB in the batch
used here was 13.4 μm (Table S1 and Figure S3). The small
agglomerates on the surface of the unmodified GBs are the
anticaking agents used by the manufacturer.
Using two free radical grafting techniques, we anchored

POEGMA with ∼5 ethylene glycol units per monomeric unit
to the GBs at different grafting densities. For the GBs with a
lower grafting density (GB-GL), a “grafting-through” method
was used.26 To fabricate a densely grafted POEGMA layer on
the GBs (GB-GH), we employed a “grafting-from method.27

In the “grafting through” method, first, a methacrylate group
was attached to the GBs via silane coupling, and then
polymerization occurred through the double bonds of
methacrylate groups on the surface (Figure S1). In the
“grafting-from” method, an epoxy group was attached via silane
coupling to the GB surface, then an initiator group was
tethered through the reaction of the epoxy group on the
surface with the carboxylic acid group present in the initiator
molecule (Figure S2). Using the initiator-functionalized GBs,
we polymerized the GBs from the surface. Experimental details
of the grafting are presented in S2.1.
The SEM imaging of the GBs grafted with the polymer

layers indicated that grafted POEGMA forms a homogeneous
layer evenly covering the surface of the glass bubbles (Figure
2). Therefore, the grafted layer was considered to be a uniform
shell enveloping GBs. In calculations of the grafted layer
parameters (Table 1), the molecular weight of the grafted
macromolecules was assumed to be the same as the one
formed in the solution.29−31 Thus, after the grafting was
complete, we measured the weight-average molecular weight of
the polymer formed in the solution via static light scattering
(SLS), S2.3. Thermogravimetric analysis (TGA) was per-
formed on the GBs to determine the amount of polymer
grafted, and the dry thickness of the polymer layer was
calculated by assuming a homogeneous polymer shell. Then,
the graft density (σ) and distance between grafting sites (D)
(Table 1) were calculated from the molecular weight and
polymer layer thickness (eqs S2 and S3).32 For GB-GL, since
the polymer was grafted through a monomer attached to the
GB surface, the molecular weight of each chain protruding
from the surface is accepted to be half the molecular weight of
the polymer chain in solution.

Table 1. GB Polymer Grafting Data and Calculations

parameter GB-GL GB-GH

POEGMA grafted (wt %) 0.8 1.8
effective Mw ×10−5 (g/mol) 3.5 1.1
effective N 1167 353
⟨r2⟩1/2 (nm) 68 33
td (nm) 6 13
σ (chains/nm2) 0.01 0.07
D (nm) 11 4
ts (nm) 295 90
fw 0.98 0.88
%, free water in suspension 81 94
EF 6.1 8

Table 2. Surface Tension (ST), Interfacial Tension (IFT),
and Spreading Coefficient (SC) Data

material
ST (mN/
m)

IFT with hexadecane
(mN/m)

SC on hexadecane
(mN/m)

H2O 72.8 ± 0.5 50.6 ± 0.5 −97 ± 1
siloxane 22.1 ± 0.2 2.8 ± 0 2.1 ± 0.2
AFFF 16.5 ± 2.5 2.7 ± 0 7.7 ± 2.5
GB-0 64.7 ± 1.2 39.4 ± 0.4 −77 ± 1.6
GB-GL 52.9 ± 1.4 21.4 ± 1.8 −47 ± 3.2
GB-GH 57.8 ± 1.3 19.9 ± 0.4 −51 ± 1.7
GB-0-s 21.8 ± 1.1 2.7 ± 0.2 2.4 ± 1.3
GB-GL-s 21.8 ± 1.1 2.7 ± 0.2 2.4 ± 1.3
GB-GH-s 21.8 ± 1.1 2.7 ± 0.2 2.4 ± 1.3

Figure 3. Shear viscosities of the GB suspensions as a function of the
applied shear rate. The GB-GH-s suspension went over the cone of
the rheometer at the higher shear rates due to its high viscosity,
therefore the measurements at these rates are invalid and not
included.

Figure 4. Spreading values (mm2/mL) for GB suspensions, siloxane
solution, and water on polyethylene.
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We estimated the amount of water that could be
incorporated into the grafted polymer layer upon swelling.
First, based on the degree of polymerization of the chains
grafted, we calculated the root-mean-squared end-to-end
distance of the grafted macromolecule in the aqueous
environment, ⟨r2⟩1/2. It was determined as ANd, where A is
the statistical segment length (assumed to be typical for
methacrylates 0.65), N is the degree of polymerization, and d is
equal to 0.6 (water is a very good solvent for POEGMA),
Table 1.33−35 One can see that the end-to-end distance is
significantly smaller than the distance between the grafted sites.
Therefore, the grafted layer is in a brush regime, where the
anchored macromolecules stretch away from the surface to
avoid crowding.36−39 We used the formula for the height of a
polymer brush swollen in a good solvent to estimate the brush
height of GB-GL and GB-GH in water (eq S4).36 For both
GB-GL and GB-GH, the swollen height calculated was greater
than the length of the fully extended polymer chain (eq S5).
We associate this finding with the specific chemical structure of
the POEGMA macromolecules having relatively long side
moieties. Thus, the macromolecules cannot be considered
classical linear homopolymers but rather as having a molecular
brush structure, where relatively long side chains are anchored

to the backbone at high grafting densities.40−44 Molecular
bottlebrushes typically have relatively high chain stiffness due
to excluded volume effects40−42,45,46 and, therefore, can extend
beyond the typical values theoretically predicted for the linear
chains. Therefore, the fully extended length of the polymer
chain (eq S5) was used as the swollen height of the grafted
layer. Using the brush height, we estimated the fraction of
water incorporated in the polymer shell, which is as follows:

=
i
k
jjjjj

y
{
zzzzzf

t
t

1w
d

s (2)

where fw is the fraction of water in the shell, td is the dry
thickness of the polymer shell, and ts is the swollen thickness of
the polymer shell.
All glass bubble suspensions used in this study were

prepared at the same concentration: 30 wt % in water. This
concentration was used because it is slightly (5%) below the
maximum flowable GB concentration, and we wanted the
suspension to have the lowest density possible (Figure S5).47

We calculated the percent of free water in each polymer-
modified GB suspension (eq S6) based on the swollen size of
the polymer shell and the concentration of GBs in suspension
(Table 1). Finally, we calculated the “extension factor” (EF) of
the grafted polymer in water (Table 1) according to the
following equation:

= r
D

EF
2 1/2

(3)

Spreading Coefficient of the Glass Bubble Suspen-
sions. To calculate the spreading coefficient, which indicates
the GB suspension’s thermodynamic tendency to spread over a
liquid hydrocarbon pool, we experimentally determined the

Figure 5. Examples of droplets of GB suspensions on hexadecane: GB-0 ellipsoid (left), GB-0-s half ellipsoid (middle), and GB-GH-s ellipsoid
(right).

Table 3. Droplet Placed on the Hexadecane Pool Behavior
Summary

system droplet behavior on hexadecane

siloxane complete spread
GB-0, GB-GL, GB-GH ellipsoid formation
GB-0-s lens formation
GB-GL-s complete spread
GB-GH-s ellipsoid formation

Figure 6. Sealing experiment schematic.
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surface energies and interfacial tensions for the GB water
suspensions (Table 2). All measurements were made using the
pendant drop method (S2.5). Hexadecane was used as a model
liquid hydrocarbon for interfacial tension measurements. We
also measured the surface and interfacial tensions for water and
AFFF (6%) solution to confirm the accuracy of our
measurements (Table 2). The obtained results were close to
those reported in the scientific literature.48 The data in Table 2
show that unmodified glass bubbles (GB-0) slightly reduced
the aqueous suspension’s surface and interfacial tension to
values approximately 10 mN/m lower than that of water. This
result indicates that GB-0 bubbles migrate to the surface and
interface with the liquid hydrocarbon to reduce the surface/
interfacial tension. However, the spreading coefficient (Table
2) for the GB-0 suspension is strongly negative. Thus, the GB-
0 suspension, from a thermodynamic point of view, cannot
spread over the hydrocarbon pool surface.
When the glass bubbles are grafted with POEGMA

macromolecules, the suspension surface and interfacial tension

are reduced to values significantly lower than those found for
water and the GB-0 suspension. The interfacial tension with
hexadecane of the GB-GL and GB-GH suspensions was
roughly half that of GB-0 (Table 2). This observation implies
that even though the polymer shell contains mostly water, the
polymer segments with lower surface energy dominate the
surface and interface. This can be expected since even the
grafted POEGMA brush is hydrophilic; POEGMA macro-
molecules contain hydrophobic methacrylate, −CH2− and
initiator end-groups, presented at the surface/interface.
Nevertheless, the spreading coefficient for the aqueous
suspension of the bubbles modified with the polymer shell
remains highly positive, suggesting no spontaneous GB-G
suspension spreading will occur on a liquid hydrocarbon.
To decrease surface/interfacial tensions of the suspensions,

siloxane-polyoxyethylene surfactant (further called “siloxane”),
having the chemical structure shown in Figure S6, was added
to the suspensions. Those compositions contained 30 wt %
GBs in a 0.3% siloxane aqueous solution and are labeled here

Figure 7. Sealing experiment results. Hexane and water evaporation over time for (a) GB-0-s, (b) GB-GL-s and GB-GH-s, and (c) AFFF (note the
time scale is 45 min). (d) Water drainage of each system at the end of the test (90 min). (e) The total hexane and water evaporation of each system
after 90 min.
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as “GB-(0, GL, or GH)-s″. This siloxane concentration is
approximately 5 times the surfactant’s critical micelle
concentration (CMC) and is equivalent to the siloxane
concentration used by researchers from US Naval Research
Laboratory (NRL) to formulate quite effective fluorine-free
firefighting foams.9,18,19,23−25,49 Prior to forming the compo-
sitions, we measured the surface and interfacial tension of the
siloxane solution and determined that it is 22.1 and 2.8 mN/m,
which is close to the values reported elsewhere.50 For GB-
based compositions containing siloxane, it was found that the
surfactant dictates the surface and interfacial properties of the
suspensions as their surface and interfacial tensions are
identical to those of the siloxane solution (Table 2). It is
noted that the spreading coefficients for the siloxane solution
and the siloxane-containing suspensions are positive. So, we
can expect the spreading of those suspensions over the
hydrocarbon surfaces.
Viscosity of the Glass Bubble Suspensions. Since

firefighting is a dynamic process in addition to a high spreading
coefficient, the viscosity of the spreading medium has to be low
to spread the material on the fuel efficiently. To this end, using
cone and plate rheometers, we measured the shear viscosity of
the GB suspensions at shear rates of 77, 192, and 384 s−1. This
method was used because the cone’s movement effectively
mixes the suspension as the measurement is conducted, and
GB-water separation is avoided. We note that all suspensions
we studied here demonstrate regular behavior observed for
concentrated suspensions of hard spheres, where the
suspension behaves as a solid until a critical yield stress is
applied.51 It is established52 that suspensions of hard spheres
typically exhibit a three-phase rheological pattern. The
suspensions demonstrate nearly constant viscosity at lower
shear rates (equilibrium state), then exhibit shear thinning at

intermediate shear rates, and finally enter a shear thickening
regime, plateauing at the highest rates. In the equilibrium
regime, the particles are randomly dispersed in liquid media.
The particles form chainlike structures aligned in the shear
direction in the shear-thinning regime. Shear thickening
originates from hydroclusters forming, which inhibit flow.
By measuring the viscosity of the suspensions at multiple

shear rates, it was found that GB-GL and GB-GH
compositions exhibited nearly constant viscosity behavior
(within the experimental error), whereas the GB-0 material
displayed shear thinning behavior (Figure 3). Therefore, the
GB-0 suspension is within the second shear-thinning regime
for the shear rates used. The viscosity of GB-GL is lower than
that of GB-0 but not decreasing/increasing, which indicates the
random distribution of the particles in the dispersion. This
originates from the water-swollen polymer brush layer around
the GB-GL particles providing lubrication and repulsion
between particles.53,54 Conversely, the GB-GH composition
has a much higher viscosity than GB-0 and GB-GL ones yet
demonstrates nearly constant viscosity over the share rates
used here. There are two possible scenarios for the trend
observed: (1) the GB-GH suspension is in the equilibrium
regime or (2) the suspension is in the shear-thickening plateau
region, where the hydroclusters are forming. The limited data
collected in this study do not allow us to differentiate between
the two scenarios above. We associate the considerable
increase in the viscosity with attractive hydrophobic inter-
actions54 between hydrophobic initiator end-groups located on
the grafted macromolecules terminated via the recombination
mechanism. Indeed, since the densely grafted POEGMA
chains are highly extended, a significant number of the end
groups become exposed at the exterior of the grafted layer

Figure 8. Fire extinguishment experiment schematic: (top) setup for suspensions and (bottom) setup for foams. In the suspension setup, we made
the heptane pool deeper to avoid the suspensions touching water when applied.
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exterior. As a result, the level of contact attraction between the
glass bubbles increases, triggering a viscosity increase.
It is observed that the addition of siloxane to GB-0 and GB-

GL suspensions does not change the viscosity within the
experimental error of our measurements. However, qualita-
tively, the viscosity of the GB-0-s and GB-GL-s compositions
tends to decrease slightly with surfactant addition. We
associate this viscosity decrease to additional lubrication
between the glass bubbles and the hydrated corona of the
surfactant aggregates. Indeed, according to Soni et al.,55 the
micellar aggregates for polyoxyethylene-modified poly-
(dimethylsiloxane) have an ellipsoid shape with hydrophilic
polyoxyethylene corona. The aggregates (with dimensions
independent of concentration) have major and minor axes

equal to ∼10 and 5 nm, respectively. Unexpectedly, the GB-
GH-s composition doubled in viscosity compared with GB-
GH, Figure 3. We could measure the viscosity only at the
lowest rate used for this suspension. For the higher rates, the
GB-GH-s suspension went over the cone of the rheometer due
to its high viscosity. This is surprising since the micelles’
corona is composed of hydrated polyoxyethylene moieties that
sterically repel the hydrated OEGMA units of a similar
structure. To comprehend this finding, we suggested that the
densely grafted polymer brush mostly rejects penetration of the
surfactant micelles into the swollen grafted layer. As a result,
the concentration of micelles in the “free” water in the
interparticle space rises, considerably increasing its viscosity.55

Correspondingly, the viscosity of the suspension increases
significantly.51,56 In fact, the distance between grafting sites for
the GB-GL suspension (no significant change in viscosity with
the siloxane addition) is comparable to the aggregate
dimensions, while for the GB-GH suspension, the distance is
considerably lower than that (Table 1). So, the probability of
rejection is much higher for the GB-GH material.
To evaluate the scenario above, we conducted a UV−vis

experiment wherein the surfactant concentration in the
aqueous drainage from the glass bubbles was measured
(S2.8, Figure S7). It was found that GB-0-s particles adsorbed
the surfactant on the surface since the siloxane concentration
in the drainage was somewhat lower than that in the initial
solution. Specifically, it decreased from 0.33 to 0.21%. For GB-
GL-s, we observed a small (from 0.33 to 0.4%) increase in the
surfactant concentration, indicating low-level rejection of the
aggregates by the grafted layer. For GB-GH-s, however,
significant rejection of siloxane was found, where the
concentration increased to 0.67%. Thus, the increase in the
suspension viscosity for GB-GH-s particles covered with the
densely grafted layer can be associated with an increased
surfactant concentration in the water located in the
interparticle space.
Spreading of GB-Based Suspensions on Model Solid

Hydrocarbon Surface. We measured the spreading of the
GB suspensions, water, and siloxane solution on polyethylene
plates to correlate the spreading pattern with the spreading
coefficient and viscosity of the suspensions. We employed
polyethylene because it is a hydrophobic solid surface with a
surface tension (∼35 mN/m) comparable to that of heptane
(∼20 mN/m) or cyclohexane (∼25 mN/m).57−59 The solid
surface was initially used to avoid complications from the
suspension’s ability to penetrate the hydrocarbon liquid. In our
experiment, we placed a polyethylene sheet on a balance with a
camera directly above the sheet. Then, a droplet of suspension
was placed onto the surface using a disposable pipet, its weight
was recorded, and a photo was taken of the droplet once it
reached equilibrium on the surface. We calculated the droplet
volume (with the recorded mass and known density) and
measured the area the droplet spread over from a recorded
image. The results of the measurements are reported in mm2/
mL (Figure 4), with a higher value indicating better spreading.
It is apparent that a combination of surface/interfacial

tension and viscosity plays a role in droplet spreading. For
example, water has a higher surface tension than GB-0 (Table
2), yet water’s spreading value was larger. This can be
attributed to the high viscosity of GB-0, which provides
resistance to spreading. This trend is also evident in a
comparison of GB-0 and GB-GL/GB-GH suspensions. GB-GL
and GB-GH with surface/interfacial tensions lower than that of

Figure 9. (a) Fire extinguishment times, (b) volume of each material
required to extinguish the fire, and (c) time required to cover the
heptane surface for each material.
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GB-0/water demonstrate better spreading, irrespective of their
viscosity. When siloxane is added to the suspensions, the
surface/interfacial tensions and spreading coefficients are
identical for all compositions and have the same value as the
surfactant solution (Table 2). All GB suspensions spread to a
significantly lower degree than the surfactant solution without
glass bubbles (Figure 5). However, GB-GL-s spread ∼3 times
more than GB-0-s, presumably due to its lower viscosity. For
GB-GH-s, the spreading value reported is not fully accurate
since, when the very viscous suspension was placed on the
surface, some GB-GH bubbles stayed in the pipet. Therefore,
the concentration of this composition was reduced. Never-
theless, the spreading value for GB-GH-s was lower than GB-
GL-s, presumably due to the higher viscosity of GB-GH-s.
Generally, the low viscosity and low surface/interfacial tension
GB-GL-s suspension demonstrates the best spreading on the
polyethylene surface among all glass bubble compositions.
Spreading of GB-Based Suspensions on Model Liquid

Hydrocarbon Surface. We also measured the spreading of
the suspensions on the hexadecane pool. Hexadecane was
selected because of its low volatility and surface tension (∼28
mN/m).58 In this experiment, a droplet of each suspension
from a pipet in a fixed position was placed onto a cuvette filled
with the liquid. Videos of those experiments are posted Videos
S1−S5. Three different phenomena were observed: ellipse
formation, half-ellipse formation, and complete spreading
(Figure 5 and Table 3). First, we observed complete and
rapid spreading for the siloxane solution (no GBs), which has a
positive spreading coefficient and low viscosity. The GB-0
suspension formed a floating ellipsoid on the surface of the
hexadecane as the spreading coefficient for this system is −77
mN/m. The GB-GL and GB-GH suspensions also formed

ellipsoids similar to those of GB-0, as their spreading
coefficients are −47 and −51 mN/m, respectively. GB-0-s
formed a half ellipsoid or lens on the hexadecane surface
because, even though the spreading coefficient is 2, its high
viscosity prevented the suspension from fully spreading. GB-
GL-s completely spread over the hexadecane surface, as the
spreading coefficient is also 2, but its viscosity is low enough to
enable complete spreading. For GB-GH-s, because of its high
viscosity, we did not use a pipet (to avoid clogging). Instead,
we used a small spatula to scoop the suspension into the
hexadecane pool. We found that the GB-GH-s suspension did
not fully spread over the hexadecane surface, presumably due
to its high viscosity. Our results indicate that in terms of
spreading, the GB-GL-s suspension has the highest potential to
be employed for fluorine-free extinguishing of a hydrocarbon
pool fire.
Sealing Ability of the Glass Bubble Suspensions.

Once the suspension has spread over the pool surface, it must
suppress the permeation of hydrocarbon vapors through the
suspension for effective fire extinguishment. To measure the
sealing ability of the GB suspensions, we developed a system
where we can measure, in a heated environment, hydrocarbon
vapor flux through a foam or suspension as well as water
evaporation from the foam or suspension. A typical test run for
90 min, and the total volume of water drained after 90 min of
the experiment was recorded. The custom-built setup is shown
in Figure 6. We used the temperature of 60 °C because a
previous study determined 60 °C as the temperature to which
a fuel surface is cooled within a few seconds of foam
application.60 We kept the oven volume at the same
temperature to avoid any condensation. This model experi-
ment allows observation of the behavior of a foam or

Figure 10. Frames during the firefighting extinguishment test for materials of interest.
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suspension after application to a fire, and the less fuel vapor the
foam or suspension allows through its structure, the better the
firefighting performance of the material.19

Hexane, with a boiling point of 68.7 °C,61 was used in this
experiment because of its high volatility at 60 °C. A ∼1 cm
layer of suspension or foam was deposited onto the preheated
(60 °C) hexane pool for each test. Only suspensions
containing siloxane were used in this part of our study.
Thus, in the sealing experiment, we compared the behaviors of
the following materials: GB-0-s, GB-GL-s, GB-GH-s, and
AFFF foam. GB-0-s and GB-GH-s did not cover the perimeter
of the hexane pool when deposited; therefore, we used a
spatula to push the suspension to cover the pool fully. GB-GL-
s was the only GB suspension that did not require spreading
assistance. This finding is consistent with our observation in
the hexadecane droplet spreading experiment, where GB-GL-s
was the only suspension to completely spread over the
hexadecane surface.
Figure 7 shows the obtained results. Generally, we found

that the GB-GL-s suspension has the best vapor sealing
performance among all suspensions tested here and, therefore,
has the potential to be effective in suppressing a class-B pool
fire. One can see that the 1 cm layer of AFFF allowed a high
amount of hexane evaporation and degraded completely (high
water drainage, Figure 7e) after approximately 20 min (Figure
7c). GB-0-s (Figure 7a) also allowed a high amount of hexane
evaporation, especially within the 0−20 and 70−90 min time
frames, yet GB-0-s drained the least amount of water of the
suspensions in this experiment. The majority of the lost water
evaporated from the suspension. As the water evaporated, the
GB-0 suspension initially increased in density and sealed the
hexane vapor better. However, as more water was lost, the
hexane broke through the interparticle space. The GB-GH-s
composition (Figure 7b) resisted hexane diffusion for the first
40 min, but between 40 and 90 min allowed a large amount of
evaporation. We associate this observation with significant
water loss via drainage by this suspension. It is suggested that
GB-GH-s experienced more drainage than GB-GL-s/GB-0
because GB-GH-s contained more free water in the suspension
with a high concentration of surfactant rejected by the brush
grafted. Since siloxane has an affinity to hydrocarbons at
elevated temperatures62 the surfactant carries the water
through the water/hexane boundary. GB-GL-s demonstrated
relatively low drainage, with the most water lost via
evaporation; see Figure 7b. Thus, as water evaporates/drains,
the suspension densifies without losing much water from the
swollen grafted layer, effectively preventing the hexane
evaporation.
Fire Extinguishment with the Glass Bubble Suspen-

sions. The final experiment we conducted was a benchtop fire
extinguishment test. As a benchmark for a nonfluorinated fire
extinguishing system containing siloxane, we use a composition
developed by the NRL.9,18,19,23,24,26,50 We used heptane to
compare our results with the findings in previous studies of fire
extinguishment with AFFF and NRL foams.49 Also, heptane is
one of the main components of gasoline and is the fuel used in
UL-162, a class-B firefighting agent standard test.63 Our
experiment design is shown in Figure 8. This experiment was
conducted under a fume hood. In each test, we allowed the
heptane fire to burn for 60 s before depositing a foam or
suspension. The temperature of the fire was consistently 125−
155 °C. The highest temperatures measured were between 190
and 220 C, but the temperature only got that high sporadically.

The results of these tests are shown in Figure 9 and 10. We
used the 70 mL/min rate for the firefighting foams, which is 35
L/m2/min, because this was the lowest flow rate possible in
our experimental setup. We used a peristaltic pump to dispense
the GB suspensions onto a heptane fire. The peristaltic pump
was calibrated to 70 mL/min using water, but after the tests
were conducted, we discovered the dispensing rate for the GB
suspensions was 61 mL/min, which is 30.5 L/m2/min. The
videos of these experiments are shown in the Supporting
Information (Videos S6−S10).
The extinguishment times of AFFF and the NRL

composition at 35 L/m2/min shown in Figure 9a agree with
those of Ananth et al.9 We found that as expected, the GB-GL-
s composition extinguished the heptane fire most efficiently
out of the GB-based suspensions. GB-GL-s also covered the
heptane pool the fastest out of all of the GB suspensions. Since
the dispensing rate of the foam system was higher than that of
the GB suspensions, we calculated the volume required of each
material to extinguish the fire (Figure 9b). One can see that
GB-GL-s is somewhat superior to the NRL composition and
only 10% below AFFF in firefighting ability. We found a strong
correlation between the time a suspension takes to cover the
fuel surface and the extinguishing time of the material (Figure
9c). The results from the spreading and sealing experiments for
the GB suspensions agree with the fire extinguishment results.
GB-GL-s displayed the best sealing ability in that it allowed the
least amount of hexane evaporation, and GB-GL-s also showed
the lowest extinguishment time out of the GB suspensions.
It is worth noting that the mechanism of fire extinguishment

of GB-0-s is different from that of GB-GL-s and GB-GH-s. GB-
0-s, when applied to a fire, does not completely cover the
heptane surface. Instead, heptane is forced upward along the
wall of the beaker as more suspension is applied, and the fire is
extinguished only when capillary action is insufficient to feed
the fire and the suspension reaches the top of the beaker. This
is evident from the images presented in Figure 10. Conversely,
GB-GL-s and GB-GH-s appeared to seal the heptane surface
when applied.
Further, following each fire extinguishment test, we collected

the GB suspension applied to the fire, rinsed, dried, and reused
the GBs for subsequent fire tests. We reused each batch of GBs
in the fire extinguishment test a minimum of three times and
did not see any degradation in their properties or performance.
Therefore, the suspensions can be collected and reused after
application to a fire, which is a capability that no liquid foam or
dry chemical possesses.
Burnback Test. A burnback test is normally conducted on

firefighting foams to measure their resistance to the reignition
of fire following extinguishment. We could not conduct a
traditional burnback test wherein a small pool of burning fuel
in a pot with an area of roughly 3% of the area of the large pan
is lowered into the foam after the fire has been
extinguished.64,65 In this traditional test, the time for 25% of
the pan to ignite is measured (or the entire pan in smaller
setups). Since our beaker was only 5 cm in diameter, we were
not able to conduct the burnback test in a traditional manner.
Instead, to show the difference in burnback performance of
liquid firefighting foams and our GB suspensions, we heated
the foams and suspensions directly with a propane torch. From
doing so, we observed the AFFF and NRL compositions
degrade within less than a minute, exposing the bare fuel
surface. However, all GB suspensions were very stable in the
presence of the torch, and we observed no reignition of the
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heptane pool. The videos of these experiments are shown in
the Supporting Information (Videos S11−S14).

■ CONCLUSIONS
In this work, we demonstrated that aqueous suspensions of
GBs, in principle, can be used to extinguish hydrocarbon pool
fires. GB-GL, the GB system with a grafted POEGMA layer of
higher molecular weight and lower grafting density, proved
superior to the more densely grafted GB-GH and nongrafted
GB-0 system. To this end, the GB-GL suspension displayed a
less negative spreading coefficient and lower viscosity than the
GB-GH/GB-0 compositions. When a siloxane surfactant was
added to all GB suspensions, the interfacial properties were
dominated by the surfactant, with all suspensions now having
the same positive spreading coefficient. However, the viscosity
of the suspension containing siloxane GB-GL-s was the lowest
among those studied here. The low viscosity of the GB-GL-
based compositions is due to its thick, water-swollen polymer
shell, which provides lubrication and repulsion between the
glass bubbles. As such, this suspension demonstrated the most
efficient spreading over model hydrocarbon solid (poly-
ethylene) and liquid (hexadecane) surfaces, as well as
retardation of hexane evaporation when placed over the
heated hexane pool.
Finally, we used the GB suspensions and two traditional

liquid firefighting foams to extinguish heptane pool fires. GB-
GL-s was the most efficient GB suspension in extinguishing the
fire due to its spreading and sealing ability. GB-GL-s was
within 10% of the fire extinguishment performance of AFFF.
The advantages of GB-GL-s over AFFF, however, are that GB-
GL-s: (1) uses environmentally friendly materials, (2) offers
the ability to “apply and forget” as the pool fire will not
reignite, even with a torch applied to the suspension, and (3)
can be collected and reused following fire extinguishment.
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