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Phosphorus: the most
critical element?

Phosphorus is an essential element required for life. While the
nutrient nitrogen can be created from the atmosphere by mi-
crobes in soil, phosphorus comes from minerals bound up in
rocks. Once released, phosphorus is available to plants for only a
short time before being immobilized in non-bioavailable forms.

While new research is laying the groundwork for more-efficient
phosphorus utilization in soils (cf. Basinski et al., 2024), the nu-
trient phosphorus today must be mined, refined, and applied as
fertilizer to support agriculture. Natural cycling of phosphorus is
not sufficient to sustain the global population. Fully half of the
world's agricultural output relies on synthetic phosphorus, with
an even higher proportion in Western Europe, Asia, and North
America (Demay et al., 2023).

Phosphorus is also a key element in the energy sector. Several of
the lowest-cost battery chemistries, such as lithium iron phos-
phate (LFP) and sodium vanadium phosphate for sodium-ion
batteries (NIBs), require phosphorus. Today, LFP batteries dom-
inate electric vehicle and stationary battery energy storage
markets, leading to a 40% compound annual growth rate for

EV battery-grade phosphate demand (DOE, 2023). Phosphorus
is critical to modern energy storage and delivery of low-cost,
quickly deployable, and reliable grid electricity.

Despite its importance to food and energy security, the US gov-
ernment has removed phosphorus from its lists of critical mate-
rials. The justification for its exclusion by the US Department of
Energy (DOE) was based on a narrow definition of criticality and
a faith in overseas producers meeting US demand. By the cur-
rent definition, only elements that are considered to a) have a
high risk of supply chain disruption and b) are deemed essential
in energy technologies are included in the list (DOE, 2025).

Phosphorus was evaluated in the US DOE Critical Materials
Assessment in 2023 but excluded from the list because of “the
ability of the US to expand its phosphorus imports” (DOE, 2023).
Imports can theoretically be supplied by friendly producers
based in India, Saudi Arabia, or Morocco. However, a substantial
fraction of US imports of purified phosphoric acid, the chemical
needed for batteries, originate from the same country that dom-
inates the supply of other minerals deemed critical: China. This
decision has national security and food security implications,
because exclusion from the list limits the availability of Federal
funding to develop phosphate projects.

The continued exclusion of phosphorus from the critical ma-
terials list, in favor of reliance on overseas imports, will harm

American competitiveness in producing this chemical for es-
sential agricultural and energy applications, accelerating the
decline of the domestic industry.



The flight of phosphate

production from
America: a waste
problem
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The conventional process for phosphorus extraction from rock,
the wet phosphoric acid (WPA) process, was developed more
than a century ago (Gilmour, 2014) and produces 3-5 tons of an
industrial chemical waste known as phosphogypsum (PG) per
ton of phosphoric acid produced (King & Moates, 2013; Figure 1).
The produced phosphoric acid can be used to make phosphate
fertilizers, purified further to make LFP batteries, or purified
even further to make acid for food and beverage products like
Coke and Pepsi. The waste phosphogypsum, on the other hand,
creates a massive environmental challenge.

15 Phosphoric Acid
. H ,50,  osomonic A P Fertilizers, batteries, food &
ossil Fuel =) Sulfur PRODUCTION ——) LU bev, metal finishing, etc.
Refining Burner
& - Q -
XY I ' Gypsum Waste
Phosphate
Rock

Figure 1. The conventional wet phosphor-

ic acid process generates hundreds of

millions of tons of phosphogypsum waste

every year.

Phosphogypsum is unsuitable for conventional uses of gypsum
such as drywall manufacturing because it contains residual
acids, silicate minerals, and trace hazardous elements. A small
amount can be used in cement or in agriculture, but those use
cases are insufficient to stem the tide of new waste production,
so the vast majority of PG is landfilled. Since the invention of
phosphate fertilizers, billions of tons of phosphogypsum waste
have accumulated, and the amount increases by around 300
million tons every year (King & Moates, 2013).

In the United States, phosphogypsum is subject to strict regu-
lations that make new phosphate plants nearly impossible to
permit. US regulations require PG to be landfilled in engineered
“stacks,” which contain recirculating water that needs to be
treated for decades. Rainfall and wastewater addition on the
stacks means that they accumulate millions of gallons of con-
taminated, acidic water per year, all of which must be treated

to meet strict water quality standards for discharge. The mag-
nitude of cost is evident from public filings from phosphate
producers; phosphogypsum producers are responsible for hun-
dreds of millions of dollars in closure costs (cf. Mosaic, 2023). New
stack installation at operating sites costs upwards of $100M USD.

As a result, no major new American phosphate plants have
been built since 1975.



Figure 2. Image of a phosphogypsum
waste stack. (source: Sergey Dzyuba /
Shutterstock 1201564846)

Despite their burden and cost to producers, even these regula-
tions fall short of what in other industries would be considered
appropriate treatment. In 1980, the Bevill Amendment tempo-
rarily exempted phosphogypsum from regulation under the
Resource Conservation and Recovery Act (RCRA), not because
landfilling the material is not environmentally hazardous, but
rather because its designation as such would prevent producers
from producing phosphates at a reasonable price. The fact that
phosphorus can be produced in the United States at all is the
result of an unsatisfying — and unsustainable — environmental
compromise.

The consequence of the phosphogypsum problem is the flight
of phosphoric acid production overseas to countries where
environmental and labor protections are often less strong.

US phosphate nutrient exports have declined from an average
of ~250,000 t/yr in 2010 to ~150,000 t/yr in 2024. The US now im-
ports as much phosphate nutrient as it exports, and our reliance
on offshore supply continues to grow (Argus Direct, 2024). The
gap is driven by declining competitiveness of domestic phos-
phate production since the 1980s, due in part to a very expensive
waste management problem.



A brief history of
phosphate production
technology

The wet phosphoric acid (WPA) process has dominated phos-
phoric acid production in the world for over a century, driven

by an abundant supply of waste sulfur from fossil fuel refining
(Gilmour, 2014). In this process, sulfuric acid and process heat
are supplied by sulfur burning. Phosphate rock is fed to a reactor
that digests the rock into phosphoric acid using sulfuric acid,
producing gypsume-rich residue. Phosphoric acid produced in
the digester is reconcentrated and treated to remove impurities,
including residual sulfate, fluorine, and certain metals, before
reaction with ammonia to produce fertilizers, most common-

ly monoammonium and diammonium phosphate (MAP and
DAP). This process was developed in its original form (Figure 1)
after World War |, over a century ago, and only relatively minor
technological improvements, such as the invention of tilting pan
filters, have made it to the production line.

Alternative production methods have been developed that
address one or more of the WPA process problems, but none
has seen broad commercial adoption. In World War I, scarcity
of sulfur led to the development of the Muller-Kihne Process
(Faucher et al., 2025), which thermally recycles gypsum into
sulfuric acid and lime (CaO). Unlike phosphogypsum, this lime
is suitable for large-scale utilization in cement as a replacement
for calcium carbonate in the production of clinker. Although the
process produces useful lime instead of phosphogypsum waste,
it suffers from a high energy consumption due to the high
temperature of gypsum thermal decomposition (>1,000°C). Fur-
thermore, addition of coke as a sulfate reductant creates large
amounts of carbon emissions in the process, while use of sulfur
as an alternative reductant produces excess sulfuric acid (Fauch-
er et al, 2025).

The thermal process (also known as the P4 process) is a second
alternative to the WPA process that predated WPA production
but never experienced widespread adoption because of its high
cost and difficult process and gas emissions control. In the P4
process, phosphate rock is thermally reduced above 1,180°C to
P4 gas, which is oxidized and hydrolyzed to produce phosphoric
acid (Gilmour, 2014). One advantage of this process compared
to the WPA process is the relatively high purity of the produced
phosphoric acid, but the benefit is outweighed by its cost. Simi-
lar to Muller-Kuhne, the P4 process suffers from a need to cal-
cine rock at a very high temperature with a carbon-based reduc-
tant and generates large amounts of emissions.

The combined challenges of waste, cost, and unacceptable
carbon emissions means none of these existing technologies
meet the needs of the current phosphoric industry in North
America.



Major producers are unable to build new WPA plants due to the
environmental hazards — and resulting liability costs — created
by phosphogypsum production. As a result, American producers
are forced to shut plants down or repair plants that are decades
past their reasonable lifespan. Most recently, a large phosphoric
acid plant was decommissioned in Geismar, Louisiana, and no
plants have been built to make up the lost capacity.

Travertine’s carbon- In 2022, Travertine was founded to solve the dual problems of
industrial sulfate waste and industrial decarbonization (Lam-
mers et al., 2023). Sulfuric acid is the most-used inorganic chem-
for phosphﬂte ical in the world, and globally, more than 50% is used to produce
production without phosphates (King & Moates, 2013). Instead of producing sulfuric
acid by sulfur burning or thermal processes, Travertine's process
electrochemically recycles sulfuric acid to deliver savings and
sustainability. Travertine's core process converts magnesium or
calcium sulfate wastes, such as phosphogypsum, into sulfuric
acid and magnesium or calcium carbonate using carbon dioxide
captured from the air or point sources. To meet the needs of the
modern phosphate industry, Travertine has developed a contin-
uous electrochemical process for phosphoric acid production
(Figure 3; patents pending).
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Figure 3. Schematic of the Travertine Pro-
cess™ for phosphate production showing
major inputs and products. The top circle
illustrates Travertine's “Core” process, and
the bottom cycle illustrates our phospho-
rus extraction process (patents pending).
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Travertine's phosphate process produces phosphates from
rock phosphate ore using recycled sulfuric acid to eliminate
phosphogypsum waste, while producing carbon-neutral or
carbon-negative materials for cements (Figure 3). Steps of the
process include electrolysis, (optional) CO2 capture, rock diges-
tion, mineralization, and (optional) phosphoric acid purification
to food or battery-grade products.

At scale, we believe Travertine can produce phosphate prod-

ucts at comparable cost to the WPA process, while eliminating
the longstanding environmental cost and liability and definite
social cost of building and managing phosphogypsum stacks.

When powered by renewable electricity, Travertine's process

is carbon-negative, sequestering 0.75 tons of carbon dioxide
(gross) per ton of phosphoric acid produced. Replacing con-
ventional WPA with this process could result in >1 billion tons of
carbon dioxide abatement or removal from the atmosphere in
10 years.

Travertine’s technological and process innovations can help
solve the problems of conventional phosphoric acid produc-
tion, allowing us to bring new plants back to North America.
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About Travertine

Travertine is enabling carbon-negative, zero-waste critical element extraction for mining and
fertilizer operations around the world. The Travertine Process was inspired by natural rock weath-
ering and mineralization, which is the way the Earth naturally regulates CO2 in the atmosphere.
Travertine is leveraging this natural process along with the scale, speed, and economics of heavy
industry to eliminate chemical waste and permanently store CO2. Travertine is based in the cli-
mate tech and outdoor hub of Boulder, CO, USA with a team of engineers and scientists dedicat-
ed to building practical solutions to climate change.

To learn more, visit www.travertinetech.com.




