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Polyphosphate fire retardants are a critical tactical resource for
fighting fires in the wildland and in the wildland-urban interface.
Yet, application of these retardants is limited to emergency suppres-
sion strategies because current formulations cannot retain fire re-
tardants on target vegetation for extended periods of time through
environmental exposure and weathering. New retardant formula-
tions with persistent retention to target vegetation throughout the
peak fire season would enable methodical, prophylactic treatment
strategies of landscapes at high risk of wildfires through prolonged
prevention of ignition and continual impediment to active flaming
fronts. Here we develop a sprayable, environmentally benign visco-
elastic fluid comprising biopolymers and colloidal silica to enhance
adherence and retention of polyphosphate retardants on common
wildfire-prone vegetation. These viscoelastic fluids exhibit appropri-
ate wetting and rheological responses to enable robust retardant
adherence to vegetation following spray application. Further, labo-
ratory and pilot-scale burn studies establish that these materials
drastically reduce ignition probability before and after simulated
weathering events. Overall, these studies demonstrate how these
materials actualize opportunities to shift the approach of retardant-
based wildfire management from reactive suppression to proactive
prevention at the source of ignitions.

polymers | wildfire | viscoelastic | retardant | hydrogels

Every year in the United States, wildfires destroy millions of
acres of forest, cost billions of dollars to suppress, and de-
stroy the lives and livelihoods of thousands of people (1-4). While
some wildfires are critical for healthy forest ecology, human ac-
tivities cause 85% of fires in the United States, accounting for
44% of the total area burned, and have tripled the length of the
fire season (2). Furthermore, numerous studies indicate that be-
yond incident casualties and infrastructure damage, wildfires lead
to dangerous levels of airborne particulates that significantly in-
crease risk of respiratory and cardiovascular diseases among hu-
man populations (5-10).

Yet, encouragingly, these wildfires predominantly initiate at se-
lect “high-risk” locations such as roadsides and utilities infrastruc-
ture, providing targets for prophylactic treatment efforts. California
exhibits one of the most severe wildfires seasons worldwide and has
the highest population living in the wildland—urban interface, where
wildfires pose the greatest threat to human life (11). Approximately
84% of the 300,624 wildfires occurring in California over the past
10 years were initiated at these high-risk areas (Fig. 1 and SI Ap-
pendix, Table S1). Moreover, fires initiating at these high-risk areas
are Tier 2 or Tier 3 threat regions (as designated by firefighting
agencies) and are more severe and burn more acres per fire on
average (Fig. 1B). These data suggest that treating these high-risk
landscapes with retardant formulations that provide season-long
protection against ignition could greatly reduce the incidence and
severity of wildfires and, as a prophylactic strategy, allow for careful
consideration of local factors before application.
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Materials used for wildfire management are either categorized as
fire suppressants or fire retardants, with many suppressants com-
monly used as short-term retardants. Fire suppressants are used for
direct application onto an ongoing fire and include perfluorinated
surfactant-based foams and “water-enhancing gels” based on
superabsorbent polymers (12-20). Perfluorinated surfactant-based
foams are highly effective at suppressing actively burning fires;
however, they are classified as high-risk environmental contami-
nants because of their long-term environmental persistence, po-
tential for bioaccumulation, and toxicity (21-23). Conversely, in
addition to direct suppression of fires, water-enhancing gels have
been used as short-term retardants on buildings in the path of
encroaching fires (13-18). These gels are only effective when wet
and do not stop fires once the water has evaporated, which often
occurs in under an hour during normal wildland fire conditions
(16, 24-26). As a result, these gels cannot be used for long-term
preventative treatment of wildland fuels.

Significance

Despite strong fire prevention efforts, every year wildfires de-
stroy millions of acres of forest. While fires are necessary for a
healthy forest ecology, the vast majority are human-caused and
occur in high-risk areas such as roadsides and utilities in-
frastructure. Yet, retardant-based treatments to prevent ignitions
at the source are currently impossible with existing technologies,
which are only suited for reactive fire prevention approaches.
Here we develop a viscoelastic carrier fluid for existing fire re-
tardants to enhance retention on common wildfire-prone vege-
tation through environmental exposure and weathering. These
materials enable a prophylactic wildfire prevention strategy,
where areas at high risk of wildfire can be treated and protected
from ignitions throughout the peak fire season.
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Fig. 1. Prophylactic treatment of landscapes at high risk of fire starts with environmentally benign polymer-particle retardant formulations. (A) Map of California
displaying wildfires occurring between January 1, 2009 and December 31, 2018 with the fires initiating at high-risk locales (roadsides and utilities infrastructure)
highlighted in red and fires initiating in all other locales shown in gray. Tier 2 and Tier 3 fire threat regions are highlighted in orange. (B) Bar plots exhibiting: 1)
the percentage of ignitions occurring at high -risk locales throughout the entire state, and in Tier 2 and Tier 3 threat regions, and 2) the average number of acres
burned per fire initiating in high-risk locales throughout the entire state, and in Tier 2 and Tier 3 threat regions. (C) Schematic of a prophylactic treatment strategy
illustrating the spray delivery and adherence of a retardant-loaded viscoelastic fluid, followed by the formation of a weather-resistant, fire-retarding film.

On the other hand, fire retardants deemed “long-term retar-
dants” use water primarily as a carrier medium for fire-retarding
chemicals that maintain their efficacy even after drying (24-26).
The “long-term” designation refers simply to the ability to main-
tain efficacy after drying and not the duration of their efficacy. The
most widely deployed commercial wildland fire-retardant formu-
lations use ammonium polyphosphate (APP) or ammonium phos-
phate as the active fire-retarding component mixed in aqueous
formulations containing polymeric viscosity modifiers (i.e., guar
gum and clay particles). In particular, Phos-Chek LC95A (PC) is the
primary long-term retardant formulation used on natural wildland
fuels (26, 27). Formulations such as PC are a primary tactical re-
source in fighting wildfires by reducing combustion efficiency and
intumescing on the surface of vegetation to form a barrier against
further fuel combustion (28, 29). More than 100 million gallons of
these retardants are deployed annually to slow advancing flame
fronts and to support crews in firebreak development (26, 27). Al-
though the performance-enhancing additives in PC are useful for
improving spread and reducing drift when dropped from aircraft
during suppression efforts, they do not retain the retardants on
target vegetation for extended periods of time, or through environ-
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mental exposure or weathering (e.g., rain or wind). As such, these
materials cannot be used as preventative treatments to provide
season-long protection against ignitions in natural wildland fuels.

Ultimately, existing fire retardants and suppressants are used
only in emergency response efforts to mitigate the impact of on-
going wildfires and have failed to realistically provide a season-
long preventative treatment due to unsuitable materials properties
and/or environmental and health concerns (12-23).

Here, we report an environmentally benign cellulose-based vis-
coelastic fluid as a carrier for APP that improves adherence and
retention on target vegetation and enables prolonged prevention of
ignition in the wildland. These materials are formed through dy-
namic and multivalent polymer—particle (PP) interactions, whereby
cellulose derivatives such as hydroxyethylcellulose (HEC) and
methylcellulose (MC) adsorb onto colloidal silica particles (CSPs)
in a multivalent, noncovalent manner (SI Appendix, Fig. S1) (30).
Manufacturing of these materials is straightforward and inexpensive
at large scales as they contain solely nontoxic starting materials
widely used in food, drug, cosmetic, and agricultural formulations
(30-33). Due to the noncovalent PP interactions, the viscoelastic
fluids are shear-thinning and exhibit low thixotropy, allowing them
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to be deployed with standard equipment for pumping or spraying
used frequently in agricultural applications (Movie S1). We pre-
viously showed on the analytical scale that these materials can be
used as carriers for APP fire retardants and may provide functional
improvements over standard formulations (30). Here we demon-
strate the prevention and suppression of wildfires on “light, flashy
vegetation” and “1-h” vegetation at laboratory and pilot scale using
PP materials loaded with APP. These PP materials do not have in-
herent fire-retarding effects and are solely used to enhance adherence
and retention of APP (SI Appendix, Fig. S1). Wetting and rheological
behavior are used to describe how PP materials enhance adherence
of APP onto target vegetation during spray application and dry-film
experiments demonstrate retention of APP through weathering.
Lastly, we show that this combination of adherence and retention
enables a preventative treatment strategy on landscapes at high risk
for ignitions to reduce the incidence and severity of fire starts.

Results and Discussion

To successfully deploy, adhere, and retain fire retardant on
vegetation, the PP material must exhibit properties that allow for
spraying, uniform and stable wetting onto target vegetation, and
film formation resistant to dissolution upon weathering (Fig.
1C). A series of different PP formulations (SI Appendix, Table
S2) was prepared and their ability to meet these engineering
criteria were determined through laboratory-scale spraying ex-
periments, surface tension measurements, and rheometry.

From laboratory spray videos, it is immediately apparent that the
commercial PC (LC95A) APP formulations partially wet and ad-
here poorly to target vegetation (grass) (Movie S2). In contrast, all
PP formulations completely wet the vegetation upon spraying,
resulting in a uniform film completely covering the target vegeta-
tion (Movies S3-S5). At equilibrium, the formation of small
spherical islands (partial wetting) or a uniform film (wetting) is
described by the spreading coefficient, S =yg, —ys; — 71y, Where
¥so is the surface tension of the dry substrate, yg is the surface
tension of solid-liquid interface, and y;;, is the surface tension of
the liquid-vapor interface (34, 35). When droplets are first in
contact with the vegetation, if S < 0 the material will only partially
wet the surface, limiting the surface coverage to islands of droplets
as seen in the PC case. If § > 0, the droplets preferentially form
stable films, which is ideal for uniformly coating vegetation with fire
retardant, which is seen in all PP formulations. While yg; cannot be
individually or directly measured for solid-liquid interfaces, y; ;- of
each formulation was determined through stalagmometric methods
(Fig. 24). It is apparent that PC has a y;;,~88 N/m, while all PP
formulations exhibited lower values (55 to 80% of y;;, determined
for PC), suggesting the surface tension mediated increase in S may
be responsible for the wetting differences. Furthermore, dynamic
sessile drop measurements on grass also show evidence for the
difference in wetting behavior for PC versus the PP formulations
(SI Appendix, Fig. S3). While retraction of the PC droplet leads to a
residual spherical cap with a stable contact angle indicative of a
partially wetting state, formulations 1-5 all illustrate that retraction
of the droplet leaves a flat film with a contact angle approaching
zero, indicative of a wetting state.

Consistent with droplet-scale measurements, laboratory-scale
spraying experiments on grass illustrated that all PP formulations
exhibited enhanced adherence onto the vegetation over PC,
whereby ~70% of the sprayed mass of formulations 1, 3, 4, and 5
adhered on the vegetation (compare ~44% for PC; Fig. 2B). In
the case of formulation 2, only ~53% of the sprayed mass was
retained on the vegetation, suggesting that surface tension is in-
sufficient to fully explain the improved adherence. After the
treated grass was oven-dried, weathering was simulated through
spray application of water onto treated samples and the degree of
fire-retardant (APP) retention on the vegetation was measured
using inductively coupled plasma optical emission spectroscopy
(ICP-OES) (Fig. 2C). While PC-treated samples lost ~33% of the
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Fig. 2. Vegetation adherence and retention following spray application. (A)
Surface tension values for each formulation. (B) Grass was treated by spray
application of retardant formulations using a backpack sprayer and the mass
adhered on the grass was measured. (C) The treated grass was blended and the
phosphorus content was measured using ICP-OES. The mass of APP adhered per
mass of grass before and following weathering with simulated rain events was
calculated and plotted (mean + SD; n = 3; 1-way analysis of variance within
treatment groups **P < 0.01, n.s. = not significant; unpaired t test for PC
(0 inch) vs. 1 (0 inch) *P < 0.05). (D) Stability of a dried film of 1 following
simulated weathering by dropping water was visibly improved compared to a
dried film of PC.

adhered APP mass after only 0.25 inch (0.635 cm) of simulated
weathering, 1-treated samples completely retained the APP after
simulated weathering with 0.5 inch (1.27 cm) of rainfall. These
observations suggest dry film stability is critical for retention of
APP on vegetation through weathering. This behavior was further
qualitatively exemplified in water drop dissolution experiments on
dried films of PC and 1, and scanning electron microscopy (SEM;
SI Appendix, Fig. S4). In water drop dissolution experiments, PC
films eroded and/or delaminated after water dropping, while 1
completely maintained its film integrity under the same conditions
(Fig. 2D). Furthermore, SEM images show that PC forms thinner
films, with needle-like clumps that possibly contribute to easy
delamination and flakiness (SI Appendix, Fig. S4B). On the other
hand, SEM images of 1 treated grass exhibit thicker, more uni-
formly space-filling films (SI Appendix, Fig. S4C).

While the role of complex rheological properties on wetting,
film formation, and adherence is an ongoing research topic (36—
38), here we present the rheological behavior of each formula-
tion and correlate it to coating efficiency and adherence onto
vegetation. Rheological measurements of tan(8) quantify the
relative elasticity of each formulation, representing how liquid-
like the material behaves at different timescales (Fig. 34 and SI
Appendix, Fig. S2). Tan(8) > 1 represents a more liquid-like
response to stress (i.e., flows more easily for a given stress),
while tan(3) < 1 represents more solid-like behavior. PC and 2
display tan(8) > 1 at lower angular frequencies, which represent
longer timescales and thus relate to the materials’ behavior after
landing on the target vegetation. In contrast, all other PP for-
mulations exhibit substantial solid-like properties at lower an-
gular frequencies. Steady-shear measurements (Fig. 3B) show
that every formulation is shear-thinning and, consistent with
dynamic measurements, show that PC and formulation 2 require
lower applied stresses for flow (Fig. 3C). The amount of stress
required for formulations 1, 3, 4, and 5 to flow at a given shear
rate were all several-fold higher than required for flow of the
more liquid-like PC and 2 to achieve the same shear rate. This
comparison is also seen in dynamic yield stress values calculated
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Fig. 3. Mechanical properties and interface properties. (A) Tan (8) values
obtained from oscillatory frequency sweeps characterizing the relative elas-
ticity of each retardant formulation. (B) Steady-shear viscosity measurements
of all retardant formulations. (C) Steady-shear viscosity measurements plotted
as stress versus shear rate. (D) Structure recovery times determined from step-
shear measurements (mean + SD; n = 3).

from steady-shear experiments at low shear rates, where PC
exhibits a dynamic yield stress of 0.005 Pa, which is 2 orders of
magnitude smaller than any PP formulation (SI Appendix, Fig.
S5). In agreement with the oscillatory rheometry, formulations 3,
4, and 5 have larger (~5- to 10-fold) dynamic yield stresses
compared to 1 and 2 (SI Appendix, Fig. S5). Comparison of 1 and
PC demonstrates that despite similar viscosities and shear-
thinning profiles, the more solid-like (tan(8) < 1) behavior of 1
at lower frequencies contributes, in addition to surface tension
and dynamic yield stress, to the enhanced adherence to grass.
These measurements suggest that viscosity alone does not con-
tribute to enhance retention but that there may be a contribution
from a solid-like response at lower frequencies to impede ma-
terial flow following application.

The recovery rate of the solid-like network following shear was
also investigated as it is important for the network to rapidly re-
cover after spraying to maximize benefits of the formulations’
viscosity and structure. Accordingly, it is advantageous that 1, 3, 4,
and 5 all shear-thin to allow for spraying, but also quickly recover
their desired solid-like behavior due to their short network re-
covery times (Fig. 3D and SI Appendix, Fig. S6). Formulations 1, 2,
4, and 5 exhibited similar, relatively longer recovery times, while 3
exhibited the shortest recovery time. In contrast, 2 exhibited the
longest network recovery time of the PP formulations tested, likely
exacerbating the poorer adherence observed previously. In-
terestingly, PC exhibited the fastest recovery time besides 3, sug-
gesting that despite the fast recovery time, the recovered structure
is not optimal in relative elasticity, wetting, and yield stress for
adherence as seen in the dynamic measurements.

As we propose to deploy these PP formulations in the wildland,
it was critical to ensure they are environmentally benign, bio-
degrade at desired timescales, and are nontoxic. Formulation 1
prepared with cell media displayed no significant changes in ap-
optosis of adult human dermal fibroblast (HDFa) cells in culture
when compared to an untreated control for the fully constituted
formulation, as well as across all dilutions measured (Fig. 44). To
determine the aerobic and anaerobic biodegradability of these
materials, we measured the biochemical oxygen demand (BOD)
and the biochemical methane production (BMP), respectively, of
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the formulation with and without CSPs according to standard
methods (39, 40). In BOD experiments, the PP mixtures did not
exhibit any toxicity or inhibition of microbial activity as they reach
the same dissolved oxygen concentration (~4 mg/L) as the blank
after a 24-d period (Fig. 4B). Only the positive control consisting of
glucose and glutamic acid showed significant oxygen depletion rel-
ative to the blank. Importantly, the absence of an additional oxygen
demand for the PP formulations suggests that these materials would
not contribute to organic pollution in the environment, which can
place undue oxygen demand in surface waters within the watershed.
In BMP experiments, both formulation groups produced modest
amounts of methane [~14 L CHykg chemical oxygen demand
(COD)] at the end of the 30-d period, indicating that the materials
do not inhibit methanogenic activity and are mildly resistant to
biodegradation, and thus do not readily degrade when exposed to
microbes (Fig. 4C). The slow rate of degradation can ensure local
persistence on vegetation in the wildland over the timeframe of the
high fire season, while the negligible aerobic degradation can pre-
vent depletion of oxygen in the soil and watershed once the mate-
rials are washed away during season-ending weather events.

Laboratory-scale burn experiments were then used to assess the
maintenance of fire-retardant function through weathering. Al-
though burn experiments for consumer products (e.g., fabrics,
plastics, etc.) are often performed in cone calorimeters, these
methods are limited to small and typically flat samples and are
unable to capture the dynamics of a spreading fire front typical of
wildfires (41). Therefore, we established model burn chambers for
each vegetation type of interest to more closely replicate at-scale
burn dynamics and masses (SI Appendix, Fig. S7). Two vegetation
types notorious for wildland fire starts were tested: 1) grass, which
is a light, flashy vegetation and 2) chamise (greasewood) chipped
to be a “1-h fuel” (41, 42). Treatments were performed according
to standard retardant coverage levels (CLs) for each type of veg-
etation (i.e., CL1 ~0.41 L/m” for grass and CL2 ~0.82 L/m? for
chamise) (43). Notably, these coverage levels would contribute
insignificant amounts of soluble phosphorus to the environment
upon application of these materials when compared to the 2- to 7-
fold increase in watershed and soil phosphorus concentration due
to dissolution of ash after a wildfire (44).

Grass burns were executed in burn chambers with a furnace
ignitor at the base and a single chamber filled with treated grass,
allowing for characterization of how well the treatments inhibit
ignition and suppress spreading of fire (SI Appendix, Fig. S7A4).
The grass was burned after being treated with each formulation
and weathered by simulating a rain event with 0, 0.25, or 0.5 inch
(0, 0.64, or 1.27 cm) of water, reaching weathering in excess of
what is typically experienced during a fire season. Integration of
temperature—time curves for the burns represents the heat re-
leased (Fig. 5 C-H), illustrating that weathering dramatically
reduced the retardant efficacy of PC, while negligibly affecting
the efficacy of 1 (Fig. 5 A-H and SI Appendix, Fig. S8 A-C).
These data are in agreement with laboratory-scale mass adher-
ence and retention experiments described above (Fig. 2 B and
C). In these experiments, 100% performance was defined as the
behavior of the PC-treated grass without weathering. The per-
formance of PC-treated grass drops to ~60% after 0.25 inch of
rain and becomes similar to untreated grass after 0.5 inch of rain
(Fig. 54). Notably, 1-treated grass without weathering exhibited
essentially no ignition among the samples tested, resulting in no
appreciable heat released or mass consumed and a burn per-
formance of ~130% (Fig. 54). From the materials character-
ization of PC and 1, we hypothesize that the enhanced wetting,
recovery time, and solid-like behavior of 1 maximize adherence
of the formulations on the grass, while the film-phase stability of
1 enhances retention on the grass through weathering. All other
PP formulations exhibited enhanced weather resistance over PC
but did not perform as well as 1. Consequently, 1 was chosen for all
subsequent pilot-scale burn experiments due to its unique combination
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Fig. 4. Cytotoxicity, biocompatibility, and biodegradability. (4) Cytotoxicity
apoptosis compared with an untreated control using HDFa cells (mean + SD;
environmentally benign as these materials do not aerobically degrade and

experiments of PP formulation 1 at different dilutions exhibiting the relative cell
n = 8). (B) BOD measurements (mean =+ SD; n = 3) illustrating the materials to be
do not inhibit aerobic degradation processes. The abrupt decrease in dissolved

oxygen observed for all samples at day 12 is due to ammonium oxidation. (C) BMP experiments (mean + SD; n = 3), plotted as liters of methane per kilogram
of COD, illustrating slow anaerobic degradation of the PP formulation, enabling persistence in the wildland over the timeframe of the peak fire season.

of favorable spray characteristics, rheological properties, wetting
and adherence capability, and resistance to weathering.
Chamise (greasewood) burns were executed in burn chambers
split into a bottom chamber filled with untreated chips and a top
chamber filled with treated chips to characterize how well fire
carries into the treated fuel (SI Appendix, Fig. S7B). Notably,
chamise is known to have higher effective heats of combustion
and peak heat release rates when compared to other types of
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vegetation in California (41). Based on our previous experiments
in grass, we assessed the performance of PP formulations 1 and 5
in comparison to PC. Formulation 5 was chosen as a counterpoint
to 1 because 5 represents the highest concentration PP formula-
tion. Similar to our previous experiments, we found that weather-
ing significantly reduced the ability for PC to suppress the spread
of fire, resulting in a faster burn rate, while the performance
of both 1 and 5 was maintained through weathering (Figs. 2B and
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Fig. 5. Laboratory-scale grass burn experiments. (A) Normalized performance of each treatment (mean + SD; n = 4; 1-way analysis of variance **P < 0.01,

***P < 0.001, ****P < 0.0001). In these experiments, 100% performance was

defined as the total area under the temperature-time curve of PC-treated grass

without weathering. Performance for each formulation is calculated as 4

Area under the curve of test formulation
rea under the curve of PC without weathering’ (B) The mass after each burn demonstrates a

significant decrease in the total mass burned for each PP treatment. Markedly, formulations 2 and 3 exhibited a decrease in mass consumed after being rained
on, possibly due to spreading of the formulation due to rain. (C—H) Plots of normalized area under the temperature vs. time curves for each formulation
compared to the untreated grass (data shown are the mean of n = 4). (I) Normalized performance of each treatment (mean + SD; n = 4; 1-way analysis of
variance **P < 0.01, ***P < 0.001, ****P < 0.0001), where 100% performance was defined as the total area under the temperature-time curve of PC-treated
chamise chips without weathering. Performance for each formulation is calculated as g Are2 under the curve of test formulation ()] ) Plots of normalized area under

rea under the curve of PC without weathering

the temperature vs. time curves for each formulation compared to the untreated chamise chips (data shown is the mean of n = 4).
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5 I-L, and SI Appendix, Fig. S8 D-F). Again, we defined 100%
performance as the behavior of the PC-treated chips without
weathering. Weathering of PC-treated chamise chips resulted in a
performance drop to <50% after 0.25 inch of simulated rain, while
PC treatment performed no better than untreated chamise chips
after 0.5 inch of simulated rain. Yet, for fuel treated with 1 and 5,
the efficacy remained consistent even after 0.5 inch of rain (Fig. 5
K and L). Similar to grass, chamise chips treated with PP formu-
lations exhibited superior performance to PC (~140%) on account
of enhanced retardant adherence and retention following appli-
cation (Fig. 5 I, K, and L).

With a clear improvement of 1 over PC, we tested the coverage
level of 1 needed to minimize burning in pilot-scale plots (3 m x
3 m) of mowed and unmowed (standing) dry grass (both are
characteristic of high-risk landscapes in many locations within the
high fire-threat regions described above; SI Appendix, Fig. S9)
and chamise piles (~100 kg of material) alongside firefighters
from Cal Fire San Luis Obispo. Following spray application
of 1 on mowed grass without weathering, we observed that
flame is stopped immediately after ignition in plots treated at
only CL1, while >90% of the area in untreated control plots
burned within 60 s (SI Appendix, Fig. S10 and Movie S9). After
weathering with 0.5 inch of rain on each coverage level, results
indicate that while CL2 dramatically reduced the rate of spread
of the flaming front, CL3 or higher is necessary to completely
prevent the spread of the flame (Fig. 64, SI Appendix, Fig. S11,
and Movies S10 and S11). These results indicate that CL1 is
sufficient to completely stop the spread of fire on mowed grass
when directly applied, while CL3 is sufficient for complete pro-
tection through weathering. Analogously, standing grass burns
illustrated that >90% of the area of untreated control plots
burned within 60 s, while treatment at CL2 was sufficient to
completely stop the active flaming front after weathering (Fig.
6B and Movies S12 and S13).

In addition to pilot-scale burns with grass, we conducted burns
with chamise piles (100 kg of material; Fig. 6C and SI Appendix, Fig.
S12). The piles were treated with CL3 of formulation 1, weathered
(0.5 inch of simulated rain), and thoroughly dried through envi-
ronmental exposure prior to burning. All burns were started by
ignition of an untreated starter bundle of chamise (1 kg; SI Ap-
pendix, Fig. S124). Untreated control piles rapidly ignited and
grew to a steady-state burn temperature after ~110 s, while 1-
treated piles exhibited delayed ignition and slower flame growth
until ~400 s, corresponding to an ~4x decrease in the rate of
spread (as indicated by the slope of the burn profiles) compared
with the control group (Fig. 6C and SI Appendix, Fig. S12C). The
slower rate of ignition and transition of the flame from the un-
treated starter bundle to the treated pile is due to the in-
tumescent effects of the ammonium polyphosphate in 1.
Nonetheless, for these pilot-scale burns, the impact of the fire
retardants was largely observed during the early phase of the
burns. Once the fires mature (>420 s), the heat release over-
comes the intumescent effects of the applied retardants and the
piles proceed to burn normally, resulting in similar flame sizes
and average temperatures across all treatments.

Conclusion

Overall, we have demonstrated that HEC/MC/CSP viscoelastic
fluids can be engineered to exhibit viscoelastic fluid-phase and film-
phase materials properties that support uniform application, ad-
herence, and retention of polyphosphate fire retardants onto target
wildland vegetation. Crucially, these materials are created from
biodegradable and nontoxic starting materials through a facile and
scalable manufacturing process (SI Appendix, Fig. S13). This com-
bination of material properties allows for prevention of seasonal
attrition of fire-retardant coverage induced by weathering or pre-
mature microbial degradation and enable a prophylactic treatment
strategy to prevent wildfires on landscapes at high risk for fire starts.

Yu et al.

We propose that the utilization of such a strategy will reduce
the incidence and severity of wildfire to protect critical in-
frastructure and the lives and livelihoods of people in wildfire-
prone regions.

Methods

Materials. HEC (molecular weight ~ 1,300 kDa) and MC (molecular weight ~
90 kDa) were obtained from Sigma-Aldrich. CSPs (Ludox TM-50; diameter ~
15 nm) were obtained from Sigma-Aldrich. APP was obtained from Sigma-
Aldrich or from Parchem. PC was provided by Phos-Chek.

California Wildfire Map. Map and associated fire ignition data were gath-
ered from California ignition data from January 1, 2009 through De-
cember 31, 2018 available through the Fire and Resource Assessment
Program (FRAP) database. The number of total wildfires excludes struc-
ture fires. Tier 2 threat regions represent areas with elevated risk of
impact on people and property from a wildfire and total 37,023,418 acres
in the state of California. Tier 3 threat regions represent areas with ex-
treme risk of impact on people and property from a wildfire and total
7,988,148 acres in the state of California. Complete data are presented in
Sl Appendix, Table S1.

Polymer-Particle Viscoelastic Fluid Formation. Polymer-particle formulations
were prepared according to previously described methods (30). The con-
centrations used were 0.1 or 0.2 wt % HEC/MC (0.85/0.15) with 0.5, 1, or 2 wt %
CSP, and 13.5 wt % APP.

Dynamic and Flow Rheometry. All rheometry experiments were performed
on a torque-controlled Discover HR2 Rheometer (TA Instruments) using a
60-mm cone plate (2.007°) geometry. Frequency sweeps were conducted in
the linear viscoelastic regime from 0.1 to 100 rad/s. Steady-shear experi-
ments were performed from 0.1 to 100 s™'. Step-shear experiments were
performed alternating between 100 and 0.2 s™'. Low shear-rate steady-
shear experiments were performed from 1 to 107 s™' and dynamic yield
stresses were calculated using the Herschel-Bulkley equation for points up
to 107257,

Biodegradability Studies. The COD and BOD of the HEC/MC and HEC/MC/CSP
mixtures were determined according to standard methods (39).

Laboratory Water Drop Test. One mL of PC or of each PP material formulated
with ammonium polyphosphate was pipetted onto a glass slide and allowed to
dry overnight. These glass slides were then placed at an ~50° incline and water
was dripped onto the dried sample from a nozzle ~1.3 cm above the slide in a
controlled manner using a syringe pump. The syringe pump was set at a flow
rate of 5 mU/min and a total of 20 mL of water was applied. A Canon EOS
REBEL T5i/EOS 700D DSLR camera was used to take videos and images.

Laboratory Spray Experiments. Each formulation (100 mL) was loaded into a
backpack sprayer (Field King) and sprayed onto a layer of grass taped to a wood
slab. The nozzle was placed ~30 cm away from the grass and sprayed in bursts.
The videos were captured using a Canon EOS REBEL T5i/EOS 700D DSLR camera.

Laboratory Treatment Retention Experiments. Grass (150 g) was spread out
and spray-treated with 1 or PC (200 g). The mass of the runoff was measured.
The treated grass was then dried to a consistent weight. The final weight
of the grass was measured and compared to the untreated control to
quantify the amount of treatment adhered on the vegetation. Treated
vegetation (20 g) was then weathered with either 0, 0.25, or 0.5 inch
(0, 445, or 889 mL) of simulated rainfall and then dried. The grass sam-
ples were then homogenized by grinding, dissolved in piranha solution
(3:1 sulfuric acid: hydrogen peroxide), and the phosphorus content was
determined using ICP-OES.

Laboratory-Scale Grass Burn Experiments. Grass burn chambers (S/ Appendlix,
Fig. S7A; n = 4) were loaded with treated, weathered, and dried grass (30 g). The
chamber ignitor was heated to 250 °C and the thermocouple temperatures
were monitored over time. At the end of the burn, samples were allowed
to cool to ambient temperature and the total mass of remaining sample
was recorded.

Laboratory-Scale Chamise Chip Burn Experiments. Chamise chip burn chambers
(SI Appendix, Fig. S7B; n = 4) were loaded with treated, weathered, and
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Fig. 6. Pilot-scale burn studies in treated and weathered grass and chamise. (A) Overhead time-course images of mowed grass plots untreated or treated with
different coverage levels of 1. Treated plots were allowed to dry completely over the course of ~2 wk (exposing the sites to the environment as they dry) prior to
weathering (0.5 inch of simulated rainfall), then allowed to dry completely over the course of ~2 wk prior to burning. The normalized area burned demonstrates
that coverage level 3 is sufficient to preclude spreading of the fire. (B) Overhead time-course images of 3 m x 3 m unmowed (standing) grass plots that were
untreated or treated with different coverage levels of 1, dried, weathered, and allowed to dry again over time in the environment prior to burning. The normalized
area burned over time demonstrates that coverage level 2 is sufficient to preclude spreading of the fire. (C) Images of pilot-scale burns of chamise piles with infrared
(IR) image overlays. Chamise was treated at CL3, dried completely through environmental exposure, weathered (0.5 inch of simulated rainfall), dried through
environmental exposure again, and then burned. The temperature-time curves extracted from IR images taken over time were integrated and normalized to the
plateau burn temperature of the untreated control pile, indicating that weathered treated chamise exhibited an ~4x decrease in burn rate compared to controls.

dried chips (1 kg) placed into the top section of each burn chamber, with un-
treated chips (500 g) placed in the bottom. The untreated vegetation was ig-
nited and the thermocouple temperatures were monitored over time.

m) that were either
re treated (leaving a

center circle untreated), allowed to

dry, weathered, and dried again. The

center of each plot was ignited with a hand torch and the burn area was
monitored with a drone (DJI; Phantom 3 Professional).

Pilot-Scale Chamise Burn Experiments.

Chamise was treated, allowed to dry,

weathered, and dried again. Chamise piles (1 m x 1 m) were ignited from a
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starter bundle and the burn was monitored using both a normal camera and
an infrared camera (FLIR; Vue Pro-336).
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