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More than a fertilizer: wastewater-derived struvite as a high 
value, sustainable fire retardant 
Andrew H Kima,e, Anthony C Yub, Sahar H El Abbadia, Katie Lub, Doreen Chanc, Eric A Appel*b,d, Craig 
S Criddle*a,d,e 

Recovery of struvite at wastewater treatment plants provides a beneficial fertilizer while preventing costly operational issues 
due to precipitation in pipes, pumps, and digesters. At present, however, sale of struvite as fertilizer is hampered by low 
revenues. A higher value proposition of struvite is its use in phosphorus-based fire retardants, in which phosphoric acids 
released at elevated temperatures react catalytically with organic substrates to produce layers of carbon char that smother 
the flame. In this work, we evaluated the fire retardant performance of wastewater-derived struvite suspended in a low-
cost viscoelastic hydrogel carrier (0.68% hydroxyethylcellulose, 0.12% methylcellulose, and 5% colloidal silica nanoparticles). 
The effectiveness of this formulation was compared to that of a conventional polyphosphate-based fire retardant in 
thermogravimetric analyses of wood samples and lab-scale burn tests of dry grass. The struvite-based formulation exhibited 
performance comparable to the polyphosphate retardant while requiring 60% less total phosphorus. Moreover, because 
struvite is derived from wastewater, applications of struvite in fire retardants can offset demand for mined phosphorus, a 
finite resource. Analysis of supply and demand for conventional fire retardants in the US indicates that wastewater 
treatment plants could produce sufficient amounts of struvite-based fire retardants to meet US demands for wildfire 
suppression while significantly improving revenues over direct struvite fertilizer sales. We conclude that wastewater-derived 
struvite is a promising green chemistry agent for fire retardants and can contribute to global phosphorus conservation.  

1. Introduction 
Waste streams are increasingly recognized for their resource 
value within a circular economy, advancing innovation in 
resource recovery that moves beyond a sole focus on 
contaminant removal1. One important target for recovery is 
phosphorus, an essential nutrient for sustaining human 
populations. At present, phosphorus demand is met by mining 
phosphate rock for fertilizer use2. This source is finite, however, 
with global phosphorus reserves expected to be depleted 
within the next 50-100 years3. An additional phosphorus source 
is global waste flows, which contain more than 70 Tg of 
phosphorus annually4. Efficient use of all sources of phosphorus 
is clearly needed to meet future agricultural and industrial 
demands.   

Municipal wastewater treatment plants are attractive 
locations for phosphorus recovery. Many facilities remove 
phosphorus to meet effluent standards that guard against 
eutrophication of receiving water bodies. Such facilities often 

employ chemical precipitation (alum or ferric salt addition) or 
enhanced biological phosphorus removal (EBPR) to concentrate 
phosphorus in solids that are subsequently dried and landfilled5. 
Alternatively, these solids can be processed to recover struvite 
(MgNH₄PO₄·6H₂O), a slow-release fertilizer that has low heavy 
metal contamination compared to land-applied biosolids6,7. 
Although robust crop yields have been reported for struvite-
fertilized crops8, struvite is not a preferred fertilizer due to its 
potassium deficiency9 and fixed N:P ratio that is not typically 
ideal for crop production10. Most significantly, the sales price of 
struvite alone is too low to justify the implementation of costly 
struvite recovery technologies3. In fact, the main driver for 
struvite recovery is not the revenue from struvite fertilizer sales, 
but rather the need to avoid high operational costs associated 
with uncontrolled struvite precipitation that results in clogging 
of pipes, pumps, and aerators, and volume losses in anaerobic 
digesters10. 

Struvite crystallization technologies target side-stream 
anaerobic digester supernatants and can recover about 10-30% 
of influent phosphorus, with increased struvite yields when 
paired with EBPR6. Currently, more than 45 full-scale struvite 
recovery operations have been developed globally for 
municipal, industrial, and agricultural wastewater11. For 
municipal wastewater applications, Ostara, Multiform Harvest, 
MagPrex (formerly AirPrex) and NuReSys are the most 
prominent technologies12. Ostara and Multiform Harvest 
(acquired by Ostara in 2019) utilize fluidized bed reactors to 
promote nucleation and growth of struvite crystals, while 
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MagPrex and NuReSys obtain crystallization through completely 
mixed systems with aeration for pH control8,11. While the P 
recovery rate for these technologies is not expected to exceed 
more than 25% relative to plant influent, ion-exchange 
technologies such as REM-NUT could achieve P recovery rates 
as high as 40-60%13. However, to date no full-scale 
demonstrations of these technologies are operational, and 
challenges such as low availability of phosphate-selective 
sorbents and high costs of ion exchange resin regeneration 
remain to be addressed8.  

Compared to fertilizer, struvite has another application that 
is far less explored – its use as a fire retardant. Phosphorus in 
particular is present in many fire retardant chemicals due to its 
ability to form char layers and quench free radicals14–16. Only 
few studies have attempted to characterize the fire retardant 
properties of struvite, but there is some evidence to suggest 
struvite incorporation into materials such as wood or cotton 
fabric can imbue fire-resistant properties into the material17–19. 
No studies have previously reported utilization of struvite as a 
generic, deployable fire retardant to combat large-scale flames 
or wildfires. 

Wildfires in the United States each year destroy millions of 
hectares of land and cost billions of dollars to effectively 
suppress20,21. Anthropogenic climate change is expected to 
increase both the severity and length of wildfire seasons20. The 
increased prevalence of wildfires will continue to threaten 
homes and human lives as populations grow in areas at high risk 
of wildfire22. Furthermore, particulate matter emissions 
associated with wildfire smoke greatly impact human health, 
leading to increased prevalence of respiratory infections and 
cardiovascular disease23. Indeed, management of wildfires in 
the United States is a serious challenge that requires effective 
strategies for both prevention and mitigation.  

To combat wildfires, commercial fire retardants containing 
ammonium polyphosphate (APP) and ammonium 
monophosphate (AP) are aerially deployed in large quantities. 
These fire retardant formulations consist of APP or AP in 
aqueous solutions containing thickening agents such as clay and 
polysaccharides. Phos-Chek (PC) LC95A is the most widely used 
commercial fire retardant and is APP-based24. From 2000-2010, 
approximately 340,000 cubic meters (90 million gallons) of PC 
LC95A was aerially deployed in US National Forest System 
Lands, averaging about 31,000 cubic meters per year25. The 
annual amount of deployed fire retardant has more than 
doubled with increasingly severe wildfire seasons in recent 
years; in 2016 alone, the US Forest Service applied 72,000 cubic 
meters of fire retardant26. The long-term impacts of aerial fire 
retardant deployment with regards to nutrient pollution, 
aquatic life, and vegetation remain an active area of study25,27. 
However, APP-based fire retardants are considered to be 
benign to human health28, and generally serve as a safer 
alternative to fire-fighting foams, which may contain toxic and 
bioaccumulative perfluorinated substances29.  

Previously, we reported hydrogel formulations that are low-
cost, scalable, environmentally benign, and could enhance 
adherence and retention of APP onto vegetation30. Mixing of 
colloidal silica nanoparticles with cellulosic biopolymers yields 

multivalent, non-covalent crosslinking interactions that 
generate a viscoelastic fluid with desirable mechanical 
properties and spray characteristics30. These hydrogels were 
used to carry APP and served as effective fire retardants that 
could adhere to wildfire-prone vegetation to prevent wildfire 
formation at high-risk sources of ignition31. 

Here, we demonstrate the successful utilization of struvite 
recovered from domestic wastewater as a fire retardant by 
formulating with this sprayable, viscoelastic hydrogel. We 
report that these hydrogel formulations can keep struvite in 
suspension while maintaining critical flow properties required 
for injection, pumping, or spraying. We show that this 
deployable, generic struvite-based formulation has ignition 
preventing performance equivalent to that of commercial 
polyphosphate-based fire retardants such as PC LC95A while 
requiring less phosphorus. We also show that US domestic 
wastewater treatment facilities capable of recovering struvite 
can economically produce fire retardants in quantities sufficient 
to meet US wildfire demand. 

2. Materials and methods 
2.1 Struvite-based fire retardant preparation 

Hydrogels were prepared using previously reported methods30. 
Hydroxyethylcellulose (HEC, Mv ~ 1,300 kDa), methylcellulose 
(MC, Mv ~ 90 kDa), and colloidal silica nanoparticles (CSNP, 
Ludox TM-50) were obtained from Sigma-Aldrich. HEC and MC 
were dissolved in water (30 mg/mL) with stirring and mild 
heating in an 85:15 ratio of HEC:MC to create a stock solution. 
The biopolymer solution was combined with the CSNP and 
water to generate a hydrogel. Struvite recovered from domestic 
wastewater as 0.35 mm diameter pellets was provided by 
Ostara (Crystal Green®). The struvite was ground into a fine 
powder using a blender and mortar and pestle. The final particle 
size of the struvite was less than 50 μm, as measured by an 
EVOS XL Core system microscope (Fig S1). The struvite powder 
was simply mixed into the biopolymer-CSNP solution by 
combining all components together into a bottle and vigorously 
shaking. The final fire retardant formulation was 0.68% HEC, 
0.12% MC, 5% CSNP, and 13.5% struvite. 

 
2.2 Hydrogel Characterization 

The rheological properties of the hydrogel were determined 
using a Discovery HR-2 Rheometer (TA Instruments) and a 60 
mm cone plate geometry (2.007°, Peltier plate steel). Amplitude 
sweeps were performed with oscillation torques ranging from 
0.1-100 μN*m. Frequency sweeps were performed at 0.5 μN*m 
from 0.1 to 100 rad/s. Steady-shear experiments were 
conducted from high to low shear rates from 50-0.02 s-1. The 
yield stress value was determined by fitting the steady-shear 
data to the Herschel-Bulkley equation. 
 
2.3 Fire retardancy experiments 

Both small-scale and lab-scale experiments were conducted to 
evaluate use of struvite as a fire retardant. In small-scale 
experiments, a TA Instrument Q500 was used to conduct 
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thermogravimetric analysis (TGA) tests. Initially, 100 mg of 
wood flour (System Three, Inc.) was dried at 120 oC for 24 hours. 
Each wood flour sample was then mixed with 20 mg of a 
treatment: water (control), PC LC95A (provided by Perimeter 
Solutions), hydrogel without struvite, or the struvite-based fire 
retardant (hydrogel with struvite). After coating with one of the 
four treatments, the wood flour mixture was again dried at 120 
oC for 24 hours. Twenty milligrams of the combined sample 
(wood flour + treatment) were heated at a rate of 50 oC/min to 
500 oC and then held at 500 oC for ten minutes. Weight loss of 
the sample was monitored throughout the heating period, and 
all experiments were performed in triplicate.  
 For lab-scale experiments, burn chambers were constructed 
to evaluate the performance of the struvite-based fire 
retardant. Grass (30 g) was coated with a treatment (either 
water, struvite-based fire retardant, or PC LC95A) and dried 
completely before being placed inside each burn chamber. The 
amount of each treatment applied corresponded to standard 
retardant coverage levels for grass (~0.41 L/m2) based on the US 
Forest Service’s recommendations for long-acting retardants31. 
The chamber thermocouple was initiated for 10 seconds and 
reached temperatures upwards of 250 oC. After cooling of 
samples to ambient temperature, the remaining mass of grass 
was measured. All burn chamber tests were conducted in 
triplicate. 
 
2.4 Stoichiometry 

To determine the potential for municipal wastewater treatment 
plants to produce struvite-based fire retardants, we assumed 
medium-strength domestic wastewater influent to contain 7 
mg P/L32. We also assumed the total phosphorus concentration 
of low-strength and high-strength wastewater to be 4 mg P/L 
and 12 mg P/L, respectively32. Because various struvite-
producing technologies exist at different stages of 
development, we considered a range of P recovery rates 
relative to plant influent6. We assumed an average P recovery 
rate of 25% relative to plant influent, a low P recovery rate of 
15%, and a high P recovery rate of 40%. The chosen rates of 
25%, 15%, and 40% are consistent with reported P recovery 
efficiencies for prominent struvite-recovering technologies 
Ostara, MagPrex (formerly AirPrex), and REM-NUT, 
respectively6,13. We assumed that all phosphorus was recovered 
in the form of pure struvite with no contamination of the final 
product. Because struvite (MgNH₄PO₄·6H₂O) has a molecular 
weight of 245.41 g/mol, one kg of recovered P is equivalent to 
7.92 kg of struvite. 

To compare the phosphorus usage of struvite-based fire 
retardants to commercially available fire retardants, we 
assumed that PC LC95A is composed of 13.5% (wt/wt) APP 
based on previous reports24,30. PC LC95A is often sold as a 
concentrate with >80% APP and must be diluted by a factor of 
6.5 before deployment as a fire retardant24. We also assume 
that the chain length of APP is sufficiently long to approximate 
a molecular weight of 97.01 g/mol. The reported density of PC 
LC95A fire retardants once diluted for deployment is 1077 

kg/m3. We assumed struvite-based fire retardants have a 
density similar to water, or 997 kg/m3. 

From the above assumptions, we estimate the production 
of struvite-based fire retardant (m3/year) as: 

 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =	 !".$%∗'∗(∗)
*

∗ +$!	-
./

  (1)                    

Where C is the influent P concentration (kg/m3), Q is the 
plant flow rate (m3/d), R is the P recovery rate relative to plant 
influent (%), ρ is the density of the fire retardant (kg/m3) and 
58.64 is the ratio of struvite-based fire retardant mass to P 
based on a 13.5% (wt/wt) struvite composition (kg struvite-
based fire retardant/kg P). 

 
2.5 Revenue estimates from struvite-based fire retardants 

Because there is no currently established market for struvite 
fertilizers, the range of reported sales prices is large. Table S1 
summarizes market values for struvite reported in the 
literature, adjusted for average 2019 USD prices. For our 
analysis, we used a median reported value of 0.67 USD/kg (609 
USD/ton) for struvite market prices. We also used the 25th 
percentile (0.41 USD/kg or 375 USD/ton) and 75th percentile 
(1.22 USD/kg or 1108 USD/ton) prices for low and high 
estimates of struvite fertilizer sales, respectively. To estimate 
the revenue potential of struvite-based fire retardants, we 
assumed that the market value would be no greater than that 
of PC LC95A, the most widespread commercial fire retardant. 
Reported 2019 prices of all PC LC95A concentrates is 
summarized in Table S2. Because PC LC95A concentrates must 
be diluted by a factor of 6.5 to produce a fire retardant that can 
be deployed to neutralize wildfires24, we estimated the price of 
current fire retardants to be 6.5 times less than reported 
concentrate prices (Table S2). As with struvite sales prices, we 
used a median reported price of 0.94 USD/kg for fire retardants 
(4.45 USD/kg concentrate). We again used the 25th percentile 
and 75th percentile values as low and high estimates. The low-
price estimate was 0.73 USD/kg (3.44 USD/kg concentrate), and 
the high-price estimate was 1.18 USD/kg (5.59 USD/kg 
concentrate).  

To estimate profits from selling struvite as a fire retardant 
compared to fertilizer, we assumed that struvite production 
costs are equivalent to those reported in Egle et al. (2016), 
adjusted for inflation. Specifically, we assumed the struvite 
production costs for Ostara (25% P recovery) to be 11.41 
USD/kg P, MagPrex (15% P recovery) to be 9.05 USD/kg P, and 
REM-NUT (40% P recovery) to be 33.87 USD/kg P6. We further 
assumed that the cost to upgrade struvite into fire retardants 
(i.e., hydrogel production costs) was independent of the original 
struvite cost. Costs for struvite production were assumed to be 
the same regardless of whether a treatment facility sells the 
struvite as a fertilizer or upgrades it to produce a fire retardant. 
A technoeconomic analysis (TEA) for a 38,000 m3/d (10 mgd) 
plant was conducted to estimate the annualized cost for 
incorporating struvite into hydrogels under the assumption that 
dried, crystallized struvite is already recovered at the plant. 
Estimated equipment costs (tanks, industrial mixers, and ball 
mills), as well as additional chemical (HEC, MC, and CSNP) and 
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operational costs, are detailed in Appendix A and Table S3. 
Methodology for determining annualized hydrogel production 
costs, including assumptions regarding equipment lifetime, 
interest rate, and O&M costs, are detailed in Appendix A and 
Table S3. 

3. Results and discussion 
3.1 Struvite-based fire retardant production and characterization 

The hydrogel formulation capable of carrying struvite particles 
consisted of HEC (0.68%), MC (0.12%), and CSNP (5%) (Figure 1). 
As detailed elsewhere30, colloidal silica nanoparticles mixed 
with cellulose derivatives form multivalent, non-covalent 
crosslinking interactions that create a viscoelastic fluid. The 
reversible adsorption of cellulosic polymers onto CSNPs imparts 
shear-thinning and self-healing properties within the hydrogel. 
Both the cellulosic biopolymers and CSNPs are attractive 
materials for manufacturing because they are low-cost, 
environmentally benign, and used in a wide variety of 
applications33,34. Because biopolymer-CSNP interactions are 
independent of fluid volume, hydrogel preparation scales 
linearly, enabling simple mass manufacturing as long as 
consistent ratios of HEC, MC, and CSNP are maintained30.   
 Addition of struvite powder does not alter the biopolymer-
CSNP interactions within the hydrogel. The incorporated 
struvite simply serves as the active fire retardant ingredient that 
is carried and delivered by the hydrogel. The rheological 
properties of the hydrogel allow for the uniform suspension of 
struvite, which does not dissolve into solution due to its low 
solubility9. Furthermore, the hydrogel is responsible for 
depositing, adhering, and retaining the struvite onto various 
surfaces to impart fire resistance. The high retention and 
adherence of phosphorus onto vegetation through the use of 
biopolymer-CSNP hydrogels has been previously quantified31.  

In Figure 2, we show the dynamic frequency sweep (Fig 2A), 
yield strain (Fig 2B), and yield stress (Fig 2C) to demonstrate the 
most critical mechanical parameters correlated to enhanced 
retention, better adherence, and spray-ability. Previously31, we 
demonstrated the fast (~30 s) recovery rate of viscosity for 
hydrogel suspensions in step-shear experiments. Dynamic yield 

Fig. 1 Schematic of struvite-based fire retardant. Hydroxyethylcellulose (HEC, 0.68%) and methylcellulose (MC, 0.12%) adsorb onto colloidal silica nanoparticles (CSNP, 5%) 
to impart viscosity and self-healing properties to the hydrogel. Struvite (13.5%) is the active ingredient that imparts fire-retardant properties.

Fig. 2 Rheological characterization of viscoelastic hydrogel. (A) Oscillary frequency 
sweep demonstrating elasticity of hydrogel. (B) Strain-dependent oscillary shear 
characterization. (C) Steady-shear viscosity measurements. 
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stress and solid-like behavior of the formulations at low 
frequencies correlated with enhanced adherence. The steady 
shear experiments reported in the present study were 
measured by applying high shear rates to low shear rates, which 
is analogous to the “recovery” phase of a step-shear experiment 
but allows for quantification of the dynamic yield stress.  
 The shear-thinning and self-healing properties conferred by 
biopolymer-CSNP interactions facilitate flow and spray of the 
hydrogel, as well as ensure that the mixture remains 
homogenously suspended. Combined with struvite as the active 
ingredient, the fluid has a storage moduli of ~100-500 Pa with 
tan(δ) < 1 across the frequency range tested, indicating 
viscoelastic, solid-like behavior at low stresses (Figure 2A). 
Strain-dependent oscillatory rheometry of the hydrogel 
demonstrated a yield strain of ~2% (defined as the strain where 
linearity visibility ends) (Figure 2B). Furthermore, steady shear 
rheological measurements demonstrated shear-thinning 
behavior and a dynamic yield stress of ~1 Pa (Figure 2C). In 
summary, the rheological characteristics of the struvite-based 
hydrogel reported here maintain crucial flow properties 
required for injecting, spraying, or pumping, while also 
providing elasticity for suspension of struvite, adherence on 
target vegetation, and droplet formation. These hydrogel 
properties are also conducive to large-scale aerial deployment 
from airtankers, helicopters, and other aircrafts used to combat 
wildfires. We conclude that the struvite-based hydrogel 
formulation can be deployed in the same manner that PC LC95A 
is deployed to combat wildfires. 
 

3.2 Struvite can be upgraded into an effective, broadly applicable 
fire retardant 

Phosphorus in many different forms can be found in fire 
retardants, particularly in inorganic and organophosphate fire 
retardants16. APP and AP are active agents within intumescent 
fire retardants, and struvite likely behaves in a similar manner. 
Typically, these compounds decompose at high temperatures 
to form phosphoric or polyphosphoric acids and ammonia. The 
phosphoric acids dehydrate alcohols creating unstable 
phosphate esters that decompose into char layers, promoting 
intumescence and enabling insulation of underlying substrates 
from further flames and oxygen15. Nitrogen sources, such as 
ammonia, also play a role in char layer formation as blowing 
agents15. Indeed, the fire-resistant properties of struvite have 
been previously reported in the literature. Mostashari et al. 
(2008) first reported TGA spectra of struvite, demonstrating 
60% mass retention of the struvite at 500 oC. Yetilmezsoy et al. 
(2018) and Guo et al. (2019) both further confirmed the fire-
retardant properties of recovered crystalline struvite, reporting 
about 70% and 55% mass retention of struvite after ignition in 
TGA, respectively. 
 Our TGA results demonstrate that struvite can be applied to 
surfaces as a prophylactic fire retardant. After coating wood 
flour with the struvite-suspended hydrogel, about 15% of the 
wood flour mass remained after ignition to 500 oC (Figure 3). 
The struvite-based fire retardant also prevented additional 
wood flour mass loss when a temperature of 500 oC was 
sustained for ten minutes. Struvite comprised about 2% of the 
total wood flour mixture mass in the TGA, indicating that the 
majority of mass remaining after ignition was wood flour. Wood 
flour that was treated with a biopolymer-CSNP hydrogel 
without any struvite did not retain any mass after reaching 500 

oC. These results were nearly identical to the control group in 
which wood flour was coated with water alone. Therefore, the 
TGA results demonstrate that the hydrogel itself has no 

Fig. 3 Thermogravimetric analysis (TGA) of wood flour that was coated with water (wood flour control), PC LC95A, hydrogel without struvite, or hydrogel with struvite (struvite-
based fire retardant). After coating with a treatment, the wood flour was subsequently dried again for 24 hours before undergoing TGA. Temperature was increased at a rate of 
50 oC/min and held at 500 oC for 10 minutes.
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inherent fire retardant properties. Indeed, struvite is the sole 
active fire retardant ingredient in the struvite-based 
formulation, whereas the hydrogel serves to adhere the struvite 
onto surfaces. In the TGA test, the struvite-suspended hydrogel 
outperformed PC LC95A, which retained only 4% of the initial 
wood flour mass. In addition, the initial mass loss rate was also 
delayed by about 2 minutes when wood flour was coated with 
the struvite-based fire retardant as opposed to PC LC95A. These 
results suggest that struvite-suspended hydrogels are a viable 
fire retardant and may have superior surface adhesion 
compared to commercially available APP-based fire retardants. 

Success of the struvite-based fire retardant can be 
attributed to both the struvite and the viscoelastic properties of 
the hydrogel carrier, which allow for spray, uniform struvite 
suspension, and strong attachment onto surfaces. The 
hydrogel’s rheological properties enable struvite deposition on 
a diverse range of surfaces to impart fire resistance. This is 
unlike previous studies in which crystalline struvite was 
incorporated into materials such as cloth and wood to prevent 
ignition with some success17–19. However, deployment of 
crystalline struvite is unlikely to impart fire resistance to 
vegetative surfaces. Appropriate carriers, such as viscoelastic 
hydrogels, are needed to maintain a homogenous suspension of 
struvite, much as thickening agents, such as clay and guar gum, 
are required to suspend APP in PC LC95A applications. Such 
thickening agents could similarly enable struvite utilization as a 
deployable fire retardant, but these formulations, unlike 
hydrogels, do not provide long-term adherence and retention 
of the fire retardant on vegetation through weathering31.  In this 

way, we demonstrate a more versatile use of struvite’s fire 
retardant capabilities, which can potentially open new 
applications for struvite beyond its primary use as a fertilizer.   
 Laboratory-scale burn tests confirmed the effectiveness of 
struvite-based fire retardants (Figure 4). The control group 
(grass treated with water and completely dried) retained 
approximately 12% of the initial mass at the end of the burn 
test, whereas each experimental group (grass treated with 
either PC LC95A or struvite-based fire retardant) yielded a final 
mass exceeding 90%. Grass coated and dried with PC LC95A 
retained about 93% of its initial mass after ignition; struvite-
based formulations had similar properties and retained 92% of 
the initial mass of grass. The percentages of mass remaining in 
the struvite-based fire retardant group and PC LC95A group 
were not statistically different (p value 0.6469), suggesting no 
difference in fire retardancy performance between struvite-
based fire retardants and commercially available APP-based fire 
retardants. Because PC LC95A is already being deployed to 
successfully combat large-scale forest fires, the comparable 
performance between the struvite-based formulation and PC 
LC95A indicates that struvite-based fire retardants can similarly 
be used to mitigate wildfire spread in high-risk landscapes. 

In previous work, prophylactic application of hydrogels 
carrying APP was effective for wildfire prevention as retention 
of the active retardant ingredient to vegetation remained even 
after rainfall31. In both TGA analysis and laboratory-scale burn 
chamber tests, the fire retardant capabilities of APP-based 
hydrogels were retained after simulated rainfall, in which the 
wood flour or grass was washed with water after hydrogel 
application. Additionally, in pilot-scale controlled burns of dried 
grass plots, widespread ignition was largely prevented from 
hydrogel application after 0.5” of simulated rainfall31. Because 
the hydrogel formulation reported here has similar mechanical 
properties and material composition, we anticipate that 
struvite-suspended hydrogels will also retain retardant on 
vegetation after light rainfall. Because enhanced performance 
was due to superior adherence and retention of the active 
ingredient on vegetation, rather than the form of ammonium 
and phosphorus responsible for intumescence, delivering 
struvite in similar materials may also confer the same 
advantages for prophylactic treatment of high-risk 
landscapes31. Prophylactic treatment of surfaces has 
applications that extend beyond US Forest Service regions, and 
would include military, industrial, and urban residential 
applications. 
 

3.3 Upgrading wastewater treatment plants for fire retardant 
production 

3.3.1 Struvite-based fire retardant generation at wastewater 
treatment plants. Next-generation wastewater treatment plants 
are increasingly envisioned as facilities that enable resource 
recovery of high value products, such as clean water, biofuels, 
bioplastics, and single cell protein for aquaculture35,36. As a 
result, wastewater resource recovery facilities could 
conceivably manufacture, sell, and distribute fire retardant 
concentrates consisting of recovered struvite and reclaimed 

Fig. 4 Controlled laboratory-scale burn tests of grass coated with water (Control), 
PC LC95A (LC95A), or struvite-based fire retardant (Struvite) and subsequently 
dried for 24 hours. (A) Schematic and images of constructed burn chambers and 
datalogging system. (B) Mass remaining of dried grass after ignition at 250 oC 
(mean ± SD; n = 3; 1-way analysis of variance ****P < 0.0001).
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water to appropriate municipal and residential agencies, much 
as PC LC95A concentrates are currently manufactured and 
distributed. 

The amount of struvite that can be recovered from domestic 
wastewater treatment plants can yield sustainable fire 
retardants in quantities that satisfy national demands for 
wildfire management (Figure 5). According to data from the 
USDA, the yearly volume of aerially dropped fire retardant in US 
Forest System Lands is increasing26, and in coming years about 
75,000 cubic meters (20 million gallons) of fire retardant are 
projected to be deployed in the United States alone (Figure 5A). 
Additional fire retardant usage outside of US Forest System 
Lands, such as in residential, municipal, and military sectors, are 
not accounted for in USDA reports and would likely increase the 
total reported fire retardant usage in the US. The amount of 
struvite that can be recovered depends upon the plant flow 
rate, influent phosphorus concentration, and percent P 
recovery. Because the reported struvite-based fire retardant is 
13.5% (wt/wt) struvite, the amount recovered is linearly 
correlated with the amount of struvite-based fire retardant that 
can be manufactured.  

Figures 5B and 5C illustrate the volumes of struvite-based 
fire retardants that could potentially be produced from 
wastewater resource recovery facilities. We explore a wide 
range of production volumes because of variability in influent P 

concentrations and in struvite recovery efficiencies associated 
with different technologies. It is clear that demand for 
deployable fire retardants can reasonably be met through 
struvite recovery. Assuming that the United States will require 
approximately 75,000 cubic meters (20 million gallons) of fire 
retardant per year for US Forest Service regions (Figure 5A), this 
demand could potentially be met with a flow rate of 730,000 
m3/d (almost 200 mgd) of high-strength wastewater with a 40% 
P recovery rate (Figure 5C). Under more realistic conditions (i.e., 
15% P recovery rate, medium-strength wastewater), a 
combined plant flow rate of about 3.4 million m3/d (about 900 
mgd) will be needed to produce 75,000 cubic meters of fire 
retardant per year. This combined plant flow rate could be 
satisfied with about 90 small-size treatment plants that treat 
38,000 m3/d (10 mgd) of wastewater each. In the US there are 
approximately 750 wastewater treatment plants of this size that 
are already equipped with anaerobic digesters, making them 
ideal candidates for struvite precipitation37,38. A trade-off likely 
exists between struvite-recovering technologies that provide 
higher percent P recoveries but at higher cost (such as REM-NUT 
or plant modifications that promote EBPR) and low cost, 
smaller-yield struvite technologies at a larger number of 
treatment plants. In any case, because there are over 14,000 
wastewater treatment plants in the US treating over 125 million 
m3/d (33,000 mgd)39, any demand for struvite-based fire 

Fig. 5 (A) Reported US Federal Firefighting Costs for wildfire suppression21, and annual aerially dropped fire retardant volume on US National Forest System Lands25. Fire retardant 
volume drops for 2011 and 2019 not reported. (B, C) Estimated struvite-based fire retardant production (m3/year) with influent wastewater flow rate (m3/day). Bolded lines 
represent struvite recovery technology performance at 7 mg P/L. Shaded regions represent range of influent wastewater P concentrations (4-12 mg P/L).
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retardants for forest, residential, and municipal applications 
could be met by adding or upgrading phosphorus recovery 
capabilities.  

In the United States, there are currently 21 wastewater 
treatment plants with full-scale struvite recovery facilities 
operational or in development (Figure 6). About two-thirds of 
these facilities utilize Ostara/Multiform Harvest technology, 
and the remainder use MagPrex12,40–42. Many of these full-scale 
struvite recovery operations are concentrated in the East Coast 
and Great Lakes region, where nutrient discharge regulations 
are more stringent43. It is possible that struvite production at 
these existing facilities is sufficient to meet future fire retardant 
demands. For instance, the Ostara facility at the Metropolitan 
Water Reclamation District of Greater Chicago (1200 mgd 
Design Capacity) alone has the potential to produce up to 6.8 
million kg (7,500 tons) of struvite per year44, which would 
translate to about 50,000 cubic meters (13 million gallons) of 
fire retardant. In fact, current Ostara facilities in the United 
States have a combined struvite production capability of up to 
11.7 million kg/year (12,900 tons/year)44, which could yield fire 
retardants in amounts far above the yearly 75,000 cubic meters 
needed for US Forest System Lands. 

The capability of wastewater treatment plants to produce 
fire retardants could pose new incentives to develop struvite-
recovering technologies in other regions of the US. The Wildfire 
Risk to Communities database depicts areas of the US with high 
Wildfire Hazard Potential, a measure designed to help prioritize 
where fuel treatments are needed most45 (Figure 6). Currently, 

full-scale struvite recovery facilities already exist in some areas 
with “Very High” Wildfire Hazard Potential, such as in Oregon, 
Washington, and Idaho. These communities could be well 
served with timely responses to wildfires if such facilities were 
to become reservoirs for struvite-based fire retardants. 
However, several states, such as Arizona, New Mexico, Florida, 
Alaska, and Hawaii, all contain areas with “Very High” Wildfire 
Hazard Potential but have no constructed full-scale struvite 
recovery facilities (Figure 6). The state of California is of 
particular interest, given that more stringent nutrient discharge 
regulations are expected46 and more than $500 million is spent 
yearly on wildfire suppression47. Investment in struvite-
recovering technologies within these regions could 
simultaneously protect water bodies from eutrophication and 
forested regions from wildfires. 

3.3.2 Economic valuation of phosphorus in struvite-based fire 
retardants. To date, implementation of struvite precipitation 
technologies at full-scale wastewater treatment plants has been  
a challenge due to high capital and operational costs, as well as 
low revenues from struvite sales. Table 1 summarizes costs of 
struvite production and sales prices for phosphorus-derived 
fertilizers and fire retardants. According to Egle et al. (2016), 
prominent technologies such as Ostara and MagPrex have 
struvite production costs of 11.41 and 9.05 USD/kg P, 
respectively. The market price of struvite per kg P would have 
to exceed the price of production in order to justify 
implementation of these technologies through struvite sales 

Fig. 6 Map of US Wildfire Hazard Potential adapted from the Wildfire Risk to Communities database45. Locations of full-scale struvite recovery facilities at wastewater treatment 
plants are labeled. 
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alone; however, the median reported price falls short at around 
5.31 USD/kg P (Table 1, S1). At this price, technologies such as  
Multiform Harvest and PHOSNIX could potentially generate 
profits from struvite sales given their reported production costs 
of 5 USD/kg P and 3.24 USD/kg P, respectively11. However, these 
struvite production costs still cannot compete with cheaper, 
mined phosphate rock-derived fertilizers such as 
monoammonium phosphate and diammonium phosphate (2.08 
USD/kg P and 2.30 USD/kg P, respectively, for 2019)48. As a 
result, markets for struvite fertilizer are unlikely to be successful 
in the absence of government incentives, such as subsidies or 
programs3. Instead, the primary drivers for struvite recovery are 
the prevention of pipe and valve corrosion from uncontrolled 
precipitation, avoidance of fines from exceeding nutrient 
effluent regulations, and minimization of downstream biosolids 
handling and processing costs10.  

On the other hand, phosphorus is more valuable when used 
in fire retardants than fertilizers. Market prices for PC LC95A 
concentrates vary depending on factors such as purchasing size, 
distributer location, and fire retardant color24. The median 
reported price for PC LC95A concentrate is 4.45 USD/kg 
concentrate, which corresponds to 0.94 USD/kg fire retardant 
after appropriate dilution for deployment (Table S2). As a result, 
the value of phosphorus in fire retardants is 21.77 USD/kg P 

based on a 13.5% APP composition, which is higher than the 
reported struvite production costs for prominent technologies 
such as Ostara and MagPrex (Table 1). The minimum reported 
price for PC LC95A is 0.62 USD/kg fire retardant or 14.31 USD/kg 
P, which still exceeds most struvite production costs. The 
maximum value of fire retardants stems from Phos-Chek 
Wildfire Home Defense, a smaller PC LC95A application 
intended for residential homeowners rather than for forest 
wildfire control24. Here, the reported market price is 2.21 
USD/kg fire retardant or 51.15 USD/kg P, which exceeds the per 
phosphorus production costs of even the most costly struvite 
recovery technologies such as REM-NUT. In general, 
phosphorus has a higher value when incorporated into 
deployable fire retardants compared to fertilizers.  

 The market value of a struvite-based fire retardant is not 
yet established, but the sales price of struvite-based fire 
retardants reasonably should not exceed current market prices 
of PC LC95A in order to remain competitive. Because struvite-
based fire retardants have equivalent performance to PC LC95A, 
we assume that they will have at least equal monetary value to 
PC LC95A as well. Therefore, if the average value of struvite-
based fire retardants remains at 0.94 USD/kg fire retardant, the 
value of the phosphorus itself would be 55.08 USD/kg P. This 
difference in phosphorus value is due to differences in 
phosphorus concentration between the APP-based PC LC95A 
and struvite-based hydrogels. Therefore, incorporation of 
struvite in fire retardant applications upgrades the value of 
phosphorus by nearly tenfold compared to its direct sale as a 
fertilizer (5.31 USD/kg P). Similarly, if the minimum price (0.62 
USD/kg fire retardant) and maximum price (2.21 USD/kg fire 
retardant) were to be applied to struvite-based fire retardants, 
the corresponding values of the incorporated phosphorus 
would be 36.2 USD/kg P for the minimum price and 129.39 
USD/kg P for the maximum price. The value of phosphorus 
when utilized in struvite-based fire retardants would therefore 
justify the implementation of even the most high-cost struvite 
recovery technologies such as ion exchange.  

Struvite utilization in fire retardants has incidental 
environmental benefits that can be economically quantified. 
Sena et al. (2020) estimated an economic value for avoided 
environmental phosphorus overloading of 30.41 USD/kg P using 
data from mitigation and restoration case studies49. This 
estimate suggests that struvite recovery at wastewater 
treatment plants is desirable to reduce operational costs 
associated with plant damage while also minimizing nutrient 
pollution. Utilization of struvite in fire retardants offers an even 
higher value proposition with regards to environmental benefit. 
Costs for wildfire suppression in the US are increasing with 
climate change, with yearly suppressions costs exceeding $3 
billion in the past decade (Figure 5A). Based on these 
suppression costs and the estimated phosphorus content in 
aerially deployed PC LC95A fire retardant usage (Figure 5A), we 
estimate the average yearly economic benefit of wildfire 
suppression from 2010-2018 to be 901 USD/kg P. Because this 

 Description USD/kg 
product 

USD/kg 
P 

Ostaraa Struvite 
Production Cost 

1.36 11.41 

MagPrexa Struvite 
Production Cost 

1.08 9.05 

REM-NUTa Struvite 
Production Cost 

4.04 33.87 

Multiform Harvestb Struvite 
Production Cost 

0.63 5 

PHOSNIXb Struvite 
Production Cost 

0.41 3.24 

Mined Phosphate 
Rockc 

Fertilizer Sales 
Price 

0.08 0.63 

Monoammonium 
Phosphated 

Fertilizer Sales 
Price 

0.56 2.08 

Diammonium 
Phosphated 

Fertilizer Sales 
Price 

0.54 2.30 

Struvitee Fertilizer Sales 
Price 

0.67 5.31 

Phos-Chek LC95Ae Fire Retardant 
Sales Price 

0.94 21.77 

Phos-Chek Wildfire 
Home Defense 

Fire Retardant 
Sales Price 

2.21 51.15 

Struvite-based fire 
retardantf 

Fire Retardant 
Sales Price 

<0.94 <55.08 

Table 1 Comparisons for various struvite production costs, as well as fertilizer and fire 
retardant sales prices. The value of phosphorus for each application is reported as 
USD/kg P 

aCost of struvite production estimated by Egle et al. (2016)6, bCost of struvite 
production estimated by Ghosh et al. (2019)11, cAssumed to be 28% P2O5, 
dAverage sales price of fertilizer in 201948, eMedian reported sales price (Table S1 
and Table S2), fEstimation based on PC LC95A cost 
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value only considers direct suppression costs, the value of 
phosphorus would likely increase even more when considering 
health benefits associated with mitigating particulate matter 
emissions, land damage, and fire-related deaths. Indeed, 
utilization of recovered struvite in fire retardant applications, 
and particularly for prophylactic treatments to prevent fires in 
high-risk landscapes31, dramatically increases the economic 
value of phosphorus. 

3.3.3 Struvite-based fire retardants generate high revenues 
compared to other resource recovery products. The potential 
revenues for wastewater treatment plants increase significantly 
if struvite is incorporated into fire retardants instead of sold 
directly as a fertilizer. A typical wastewater treatment plant 
with an anaerobic digester that implements an Ostara reactor 
(38,000 m3/d, medium-strength wastewater, 25% P recovery) 
can produce about 190,000 kg of struvite a year, which would 
result in a revenue of about 130,000 USD/year assuming the 
median reported sales price for struvite (Fig 7A). The 190,000 kg 
of struvite could instead be upgraded to 1.4 million kg of 
struvite-based fire retardant, which would then yield an annual 
revenue of about 1,340,000 USD (Fig 7A), assuming the median 
reported price for PC LC95A. Upgrading recovered struvite from 
its raw form as a fertilizer into fire retardants would thus 
increase the potential revenue from phosphorus recovery by 
tenfold. For the best-case scenario (high-strength wastewater, 
40% P recovery), revenues for a 38,000 m3/d plant could reach 
around 3,700,000 USD/year for fire retardant sales, a dramatic 
increase from the 350,000 USD amount attributed to struvite 
fertilizer sales (Fig 7A).  

Costs to upgrade struvite into fire retardants are 
comparable to the struvite production costs themselves. For a 
38,000 m3/d (10 mgd) plant, we estimate the annualized cost of 
hydrogel production to be 0.14 USD/kg fire retardant or 8.32 
USD/kg P recovered as struvite (Table S3). Projected capital 
costs are relatively low at 2.16 USD/kg P, as the only equipment 

needed to upgrade struvite into fire retardants are tanks, 
industrial mixers, and mills for struvite grinding. Chemical costs 
for struvite-based fire retardant production are higher at 4.00 
USD/kg P, due to HEC, MC, and CSNP costs for hydrogel 
formulation (Table S3). To account for labor, packaging, 
maintenance, and other miscellaneous costs, we used a rather 
conservative overhead cost that is equivalent to the capital cost 
(2.16 USD/kg P). As a result, the total cost for incorporating 
struvite into hydrogels for fire retardant production is 8.32 
USD/kg P. Assuming the original costs for struvite production 
reported by Egle et al. (2016), we can estimate total production 
costs for struvite-based fire retardants to be 17.37 USD/kg P for 
15% P recovery (MagPrex), 19.73 USD/kg P for 25% P recovery 
(Ostara), and 42.19 USD/kg P for 40% P recovery (REM-NUT). Fig 
S2 illustrates total yearly costs for a 38,000 m3/d plant 
producing struvite fertilizer or struvite-based fire retardant.  

With the above estimated revenues and production costs, 
net profits for a 38,000 m3/d (10 mgd) treatment plant were 
calculated for different wastewater strengths (4, 7, and 12 mg 
P/L) and struvite recovery technologies (Figure 7B). In every 
scenario, sales of struvite fertilizer alone are insufficient to 
justify implementation of struvite recovery technologies. On the 
other hand, sale of struvite-based fire retardants yields a net 
profit at every assumed wastewater strength and P recovery 
rate. Fire retardant production was found to be most 
economical using Ostara technology, with average net profits 
reaching about 860,000 USD/year for medium-strength 
wastewater. Although revenues increase for treatment plants 
that are capable of 40% P recovery rates (Figure 7A), the cost 
for highly efficient technologies such as ion exchange is too 
high, resulting in lower net profits compared to less efficient 
and low-cost technologies. Still, profits for the 40% P recovery 
scenario are still relatively high when upgrading struvite into fire 
retardants, with an annual profit of 500,000 USD/year for 
wastewater resource recovery facilities treating medium-

Fig. 7 Estimated (A) revenues and (B) net profits for sale of struvite fertilizer or struvite-based fire retardant, based on a 38,000 m3/day influent flow rate with low-, medium-
, or high-strength wastewaters. Percentages refer to P recovery rate relative to plant influent. Values are median reported sales price of struvite and fire retardant; error 
bars represent 25th and 75th percentile reported values.
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strength wastewater. This amount is essentially equivalent to 
the profits associated with using a 15% P recovery rate; 
however, there is considerably less uncertainty in expected net 
profits with MagPrex technology compared to REM-NUT (Figure 
7B). Therefore, investment in infrastructure that recovers >40% 
of influent P as struvite could be considered if maximizing fire 
retardant production or maximizing P removal from influent 
wastewaters is prioritized over net profits. If competitive 
markets for struvite-based fire retardants were established, the 
value of fire retardants would likely not remain as high as 
currently reported sales prices for PC LC95A. However, struvite-
based fire retardants only need to be priced above the cost of 
production to remain profitable; a treatment plant with Ostara 
reactors could sell fire retardants for as low as 0.34 USD/kg fire 
retardant (19.73 USD/kg P). In fact, the sales price of fire 
retardant could potentially be reduced further when 
considering the additional revenue associated with struvite 
recovery, such as avoidance of damage to pipes and pumps.  

Maximizing the percent P recovery for struvite recovery 
operations is generally ideal for optimizing revenues from 
wastewater, and fire retardants are consistently a higher value 
product than fertilizer (Fig 8). A medium-strength wastewater 
with a 15% P recovery rate relative to plant influent would yield 
about 0.06 USD/m3 for struvite-based fire retardants, which 
would increase to 0.15 USD/m3 at a 40% P recovery rate. By 
contrast, revenues for struvite fertilizer sales result in a much 
smaller change, increasing from 0.006 USD/m3 to 0.016 
USD/m3 when the P recovery rate increases from 15% to 40%. 
At present, no current full-scale struvite operations exist in 
which greater than 40% of plant influent P is recovered as 
struvite from aqueous side-streams8,13. Further research is 
therefore needed to identify new low-cost technologies or 
scale up existing technologies to enable higher P recovery rates 
as struvite. If all phosphorus is recovered as struvite and 
upgraded into fire retardants, the revenues from medium-
strength wastewater could reach as high as 0.39 USD/m3 (Table 
2). Aside from the purified water itself, the highest value 

product that could currently be recovered from wastewater is 
phosphorus for use in fire retardants. Growth of 
methanotrophic organisms for polyhydroxybutyrate (PHB) 
bioplastics (0.19 USD/m3) or single cell protein as fishmeal for 
aquaculture (0.09 USD/m3) is the next highest value resources 
for recovery, but potential revenues from struvite-based fire 
retardants are 2-4 times higher. However, pathways for fire 
retardant production (nutrient recovery) would generally be 
independent from other conversions of organic matter into 
energy or materials, aside from slight nutrient requirements for 
microbial growth. While production costs for such resources 
should be considered and would likely vary for different scales 
of production, this suggests that optimized utilization of 
wastewater for recovery of clean water, bioplastics, and fire 
retardants could generate revenues approaching 2 USD/m3.  

 
3.4 Struvite as a green chemistry fire retardant 

Struvite-based fire retardants are more sustainable than 
commercially available alternatives. All current commercial 
wildland formulations make use of mined phosphorus in the 
form of APP or AP. Adopting instead wastewater-derived 
struvite as the primary active ingredient would contribute to 
global efforts to conserve phosphorus, a nonrenewable 
resource. Incorporation of wastewater-derived struvite into 
low-cost hydrogels provides a more environmentally 
sustainable route for wildfire mitigation while simultaneously 
reducing nutrient loading onto water bodies and operational 
costs at treatment plants. 

In addition to using recycled phosphorus instead of mined 
phosphorus, struvite-based fire retardants are more 
economical than commercial standards in their phosphorus 
usage. Both formulations contain 13.5% (wt/wt) of active fire-
retardant ingredient. However, struvite has a lower proportion 
of N and P than APP due to differences in molecular structure. 
PC LC95A is approximately 13.5% (wt/wt) APP or 4.31% (wt/wt) 

Resource Maximum 
available 
resource 
recoverable in 
1 m3 

wastewater 

2019 US 
Market 
Price 
(USD/kg) 

Potential 
revenue 
(USD/m3) 

Potable Water 1000 kg water 0.001550 1.5 
Nitrogena 0.04 kg N 0.3151 0.01 
Phosphorusa 0.007 kg P 0.6352 0.005 
Methaneb 0.08 kg CH4 0.1353 0.01 
Bioplastics 
(Polyhydroxybutyrate)c 

0.04 kg PHB 4.7054 0.19 

Single cell proteind 0.06 kg VSS 1.4553 0.09 
Struvite fertilizer 0.06 kg struvite 0.67 0.04 
Struvite-based fire 
retardant 

0.41 kg fire 
retardant 

0.94 0.39 

Fig. 8  Revenue per cubic meter of treated wastewater using median-reported price 
values for struvite fertilizer or fire retardants. Line represents 7 mg P/L concentration, 
shaded areas represent range of wastewater strength (4-12 mg P/L).

Table 2 Revenue comparisons for different resource recovery products obtained from 
1 cubic meter of medium-strength domestic wastewater 

aMedium-strength wastewater characteristics32, bBased on complete conversion 
of 0.32 kg/m3 of biodegradable COD in medium-strength wastewater64, cBased 
on a PHB yield of 0.5 kg PHB/kg CH4 for methanotrophs36, dBased on a 
methanotrophic yield of 0.72 kg VSS/kg CH4 36 
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P, while struvite-based fire retardants are 13.5% (wt/wt) 
struvite or 1.71% (wt/wt) P. In other words, struvite-based fire 
retardants are 60% more phosphorus efficient than PC LC95A 
while maintaining equivalent performance. Assuming 75,000 
cubic meters of fire retardant are aerially dropped each year in 
US National Forest System Lands, the resulting demand of 3.2 
million kg of mined phosphorus associated with PC LC95A would 
instead be 1.3 million kg of recycled phosphorus, simply by 
switching from APP as the source of phosphate to struvite. The 
millions of kilograms of phosphorus saved yearly could instead 
be used for fertilizer or other industrial applications. 
 Similarly, nitrogen utilization in struvite-based fire 
retardants (about 0.77% N) is 60% less than in PC LC95A (about 
1.95% N). This reduction in nitrogen is significant because 
researchers have expressed concerns about ammonia-
containing deployable fire retardants for their eutrophication 
potential and toxicity to aquatic organisms25,27. The reduced N 
and P load associated with struvite-based fire retardants would 
likely lessen the degree of nutrient pollution and toxicity to 
aquatic life. Controlled toxicity assays of struvite on various 
aquatic organisms to determine LC50 concentrations should 
therefore be explored in future.  

Evaluating long-term effects on soil quality, plant life, and 
wildlife remains an important area of consideration for aerially 
deployed fire retardants25,27. In prior work, we have 
demonstrated that the hydrogels themselves have little 
biochemical oxygen demand (BOD), and therefore, would not 
significantly contribute to organic pollution in surrounding 
water bodies if deployed as fire retardants31. Hydrogels 
composed of cellulose derivatives and silica were found to 
exhibit no toxicity on microbial or human cells31, and seasonable 
applications of hydrogels for prophylactic treatments of 
vegetation did not have long-term impacts on surrounding soil 
chemistry, including pH levels, total carbon, and nutrient 
concentrations55. Still, long-term environmental impacts from 
applications of struvite-based fire retardants, including those on 
wildfire smoke release and char layer formation, should be 
evaluated in future research. 

The nitrogen and phosphorus content in PC LC95A fire 
retardants is primarily thought to have short-term fertilizing 
effects in charred soils25. Given the known fertilizing effects of 
struvite18,56, deployment of struvite-based fire retardants will 
likely improve soil productivity following wildfire events. 
Detailed studies on the bioavailability to plants of hydrogel-
encapsulated struvite phosphorus are needed to better assess 
the fertilizing potential of struvite-based fire retardants. 
 While concerns regarding ammonia toxicity on aquatic life 
remain, it is worth noting that inorganic phosphate-based fire 
retardants are generally preferable to other fire retardants in 
terms of human health impacts. Halogenated fire retardants, 
and in particular brominated and perfluorinated fire retardants, 
are toxic, persistent, and bioaccumulative29,57,58. As these fire 
retardants are being phased out from manufacturing, increased 
attention has been given to organophosphate fire retardants. 
These substances pose similar concerns, as recent evidence 
suggests in terms of  toxicity, persistence, and potential for 
bioaccumulation59,60. On the other hand, inorganic phosphorus 

fire retardant compounds, such as APP and AP, are generally 
thought to be benign to human health as they do not share the 
same toxic and bioaccumulative properties as halogenated or 
organophosphate compounds28. These findings suggest that 
inorganic phosphorus should be prioritized as the primary 
active ingredient when developing novel fire retardants and 
fire-resistant materials. 
 One example of phosphate usage as an additive for fire-
resistant materials is APP. In fact, optimizing APP integration 
into products such as thermoplastics or building materials to 
enhance intumescence is an ongoing area of study61,62. APP-
based coatings are currently available commercially, such as 
those from Firetect, that can be applied to products such as 
wood, Christmas trees, and polyester to impart fire resistance63. 
Future research efforts should therefore investigate 
incorporating struvite into materials that have traditionally 
relied upon APP for fire resistance. Mostashari et al. (2008), 
Yetilmezsoy et al. (2018), and Guo et al. (2019) have 
demonstrated promising integration of struvite into cotton 
fabrics and wood to impart fire resistance. TGA curves of cotton 
fabrics and wood lined with struvite showed improved mass 
retention over control groups without struvite incorporation, 
but these materials were not compared to commercially 
available fire-resistant alternatives17–19. Future studies should 
incorporate struvite into a wide range of materials to evaluate 
fire suppression, and ideally incorporate crystalline struvite that 
is recovered from domestic wastewater. Hydrogels containing 
struvite may also be an avenue for developing fire-resistant 
materials with applications beyond wildfire suppression. 
Expanding the market for fire retardant applications opens 
many opportunities for struvite beyond its conventional use as 
a fertilizer, improving prospects for resource recovery in 
wastewater treatment plants. 

Conclusions 
This work establishes that wastewater resource recovery 
facilities have the potential to become primary manufacturers 
of struvite-based fire retardants. These retardants have fire-
fighting performance comparable to commercial APP-based 
standards. Potential applications extend beyond wildfires and 
could include industrial, municipal, and residential applications. 
Nitrogen and phosphorus can be recovered from wastewater as 
struvite, and then incorporated into hydrogels composed of 
cellulosic derivatives, CSNPs, and treated water to form fire 
retardant concentrates. The resulting viscoelastic hydrogels 
have unique rheological properties that facilitate pumping, 
spray, or aerial deployment with improved adherence and 
retention onto surfaces. Incorporation of struvite into fire 
retardants increases the value of phosphorus compared to its 
value as a fertilizer, and revenues obtained from selling fire 
retardants (a high-value product) could economically justify 
increased investment in struvite recovery technologies. 
Development of diverse fire retardants composed of recycled 
struvite could provide increased fire security, promote cleaner 
water bodies, and encourage resource recovery, while 
contributing to global phosphorus reuse. 
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