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Spotlight Statement

This work presents a novel Hydrothermal Oxidation and Mineralization (HTOM) pathway that transforms
organic waste—a global environmental and economic burden—into mineralized carbon while recovering
11 MJ of energy per kg of food waste. By coupling HTOM with alternative concrete production, we
enable permanent carbon sequestration and offset 0.1 kg CO, per kg of concrete produced. This
integrated approach addresses the urgent need for scalable, low-carbon technologies and supports a
circular carbon economy. The work directly advances UN SDG 7 (Affordable and Clean Energy), SDG
11 (Sustainable Cities and Communities), SDG 12 (Responsible Consumption and Production),

and SDG 13 (Climate Action) by valorizing waste and reducing greenhouse gas emissions through
sustainable materials innovation.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00765h

Open Access Article. Published on 23 December 2025. Downloaded on 12/24/2025 4:30:13 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

RSC Sustainability
View Article Online
DOI: 10.1039/D5SU00765H

Negative-emission Waste-to-Concrete via Tandem Supercritical Water Oxidation and

Hydrothermal Mineralization

David H. Kenney?, Andrew M. Charlebois?, Shuai WangP, Nima Rahbar®,

Michael T. Timko?, Andrew R. Teixeira®*

a) Department of Chemical Engineering, Worcester Polytechnic Institute, Worcester, Massachusetts
01609, United States
b) Department of Civil, Environmental, and Architectural Engineering, Worcester Polytechnic Institute,

Worcester, Massachusetts 01609, United States

* Correspondence should be addressed to arteixeira@wpi.edu

Keywords: Bioenergy carbon capture utilization and sequestration (BECCUS), Waste-to-Energy, Green

Concrete, CO, Oxidation

1. Abstract/Summary Paragraph

Concrete production and municipal solid waste management contribute up to 13 % of global CO, emissions.
Here, we describe Hydrothermal Oxidation and Mineralization (HTOM) as a new process for production
of alternative construction material (ACM) with a compressive strength (9.23 £+ 0.98 MPa) more than
double what is required for non-loadbearing concrete (4.14 MPa) while storing CO,. HTOM consists of
two oxidative reactions: (1) supercritical water oxidation (SCWO) converts the organic fraction of food
waste to a high-pressure CO, stream while producing thermal bioenergy that can be recovered using a
turbine, then (2) the high-pressure CO, stream is used for rapid mineralization of soluble calcium to calcium
carbonate, reaching 100% conversion within 20 minutes. ASPEN/HYSYS simulations and a GREET
lifecycle analysis demonstrate that HTOM has the potential to offset 0.1 kg of CO, per kg of ACM produced
by simultaneously diverting fugitive landfill emissions, capturing waste energy, and offsetting traditionally

CO,-intensive concrete mortar production.
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1 2. Main

2 Negative emission technologies (NET) are required to ensure a sustainable future for our planet.!
3 Collectively, two industries, (1) municipal solid waste (MSW) management and (2) concrete production,
4 are responsible for 8 - 13% of the 52 billion tons of annual CO, ., emissions,’* with predicted greenhouse
5  gas emissions from these industries reaching 3.4 and 5 billion tons, respectively, by 2050.2336 The carbon
6  content embodied in the 2 billion tons of MSW produced annually closely matches the carbon released
7  when producing the 4 billion tons of Ordinary Portland Cement that is required to satisfy the global concrete
8 demand, presenting an attractive opportunity to couple these industries with one another. To create a more
9  circular carbon economy, substantial efforts have focused recently on CO,-to-fuels and CO, upcycling to
10  chemicals and other products. However, life cycle assessments have shown these technologies to, at best,
11  be net-zero and, at worst, net carbon-emitting during production and at the end of life.”® An effective
12 solution must (1) incur minimal energy and carbon penalties in the conversion of CO, to a valorized product,
13 (2) have an ultimate fate that durably sequesters carbon, and (3) displace or offsets a carbon-intensive

14  product at a globally relevant scale. Our proposed waste-to-concrete process, shown schematically in Figure

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

15 1, can efficiently accomplish all three goals.
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17 Figure 1| Schematic of the thermodynamic landscape for current and proposed industrial pathways. (a) Overall
18 thermodynamic path for the linear MSW management and concrete processes (b, red), CO, reduction/combustion processes (¢,
19 yellow), and by contrast, energy favorable release for oxidative bioenergy carbon capture and utilization (BECCUS) strategies
20 explored here (d, green). The proposed pathway will leverage the favorable oxidative thermodynamics to convert organic carbon
21 in MSW to alternative concrete.
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Favorable thermodynamics and kinetics are critical to the efficiency of any process. In terms of
thermodynamics, the production of Ordinary Portland Cement (OPC), the most common form of cement,
relies on the calcination of calcite (CaCO;) to form calcium oxide (Fig. la), a highly energetically
unfavorable process requiring +1129 kJ/mol-C.%!° Overcoming this thermodynamic barrier requires calcite,
along with clays, to be fired in a kiln (Fig. 1b) at 1200 °C to liberate CO,, bind calcium oxide (CaO) with
silica (Si0,), and form calcium silicates (i.e., CaSiOs), the eventual source of strength in concrete.!!1> The
calcination step accounts for 90% of the greenhouse gas (GHG) production during OPC production, with
50% resulting from the release of CO, from calcite and the remaining 40% from fuel combustion.!! Efforts
to decarbonize the built environment have focused on primarily on OPC production, specifically
investigating the use of green fuels and electrified production, novel mineral sources, as well as alternative
geopolymers.'3!4 Notably, however, these prior approaches have not been successful in integrating low-
footprint carbon sources or achieving the necessary mineralization rates required to sequester carbon
feasibly. Beyond cement and concrete, efforts have been dedicated to engineer timber to sequester carbon
and support the construction markets, but these materials face concerns of durability and fire resistance.!>
This study evaluates the use of MSW as a negative emission carbon source. According to the EPA, most
waste (50%) is landfilled in the United States (Fig. 1b), and more than 80% is organic.'® Once a landfill is
sealed, the organic wastes undergo anaerobic digestion to form methane (Fig. 1a). which has a global
warming potential (GWP) 28 times that of CO,.!*!8 For landfilled food waste, this translates to a

corresponding GHG emission rate of 1.52 kg CO, per kg waste.!”

Carbon dioxide or equivalent landfill gases are released into the atmosphere and are rapidly diluted,
requiring exorbitant energy and capital demands to concentrate it; the currently estimated energy input
required for DAC processes is 4.5 MJ/kg, with costs ranging from 125 to 335 $/ton.?*2! An alternative
option for carbon removal from the atmosphere is by mineralization, which is an aqueous chemistry that
produces an insoluble mineral product that is not affected by the presence of oxygen.???* Again, with a

diluted feed like atmospheric CO,, the process is energy intensive and requires a large footprint to
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1  concentrate enough CO, to improve kinetic rates. Carbon utilization of recovered carbon has typically

2 focused on reductive processes, which are thermodynamically unfavorable (Fig. 1a);>> Moreover, many of

g8

%% 3 the reduced products are intended for combustion as fuels, thereby releasing CO, back into the atmosphere
:E‘) 4  in a wasteful well-to-wheel life cycle (Fig. 1a). The need for more energy-efficient, cost-effective, durable,
% 5 and scalable options is urgent.

&

£

(2 6 Here, we demonstrate a new technology, which is kindred to bioenergy and carbon capture, utilization,
E 7  and storage (BECCUS),?¢ and that leverages the carbon and energy in wet organic MSW to develop the
% 8  next generation of alternative construction materials (ACM). The new process, termed hydrothermal
2

é 9  oxidation and mineralization (HTOM), couples supercritical water oxidation (SCWO) and high-pressure
o

% 10  mineralization to rapidly convert wet organic waste feeds into pressurized CO, that readily converts soluble
E 11 calcium into structured CaCO;. While SCWO has been studied since the 1980s as an effective hazardous
8

g 12 waste treatment method,”’ the extreme corrosive environment, high pressures and moderately high
é 13 temperatures have created an environment that has traditionally been challenging to scale safely and
% 14  effectively.?®?® The current study recognizes this, and lays out a strategy for distributed application of
£

15 SCWO while also recognizing that innovation in technological implementations of SCWO remain

16  necessary. Here, we find a novel use for SCWO as an efficient means of converting wet organic waste into

Open Access Article. Published on 23 December 2025. Downloaded on 12/24/2025 4:30:13 PM.

17  ahigh-pressure CO, stream and performing mineralization in the presence of renewable polymers such as

(cc)

18  gelatin to confer strength to the ACM. Due to its thermodynamic favorability, HTOM has the potential to
19  be net energy generating; and by producing a form of carbon that can be durably stored and used in large-
20  scale applications, the entire process can be a negative emissions technology (NET). Therefore, the goal of
21 this work is to confirm the thermodynamic efficiency of the new process, evaluate rates of key steps to
22 assess technological efficiency, and use this data to perform material and energy balances to quantify its

23 CO, abatement potential.

24 3. Results

25  3.1.SCWO of Food Waste to Produce High-Pressure CO,
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Representative food waste was obtained from the New Hampshire VA Hospital (Manchester, NH) and used
for SCWO experiments. Details about the food waste composition can be found in Supplementary Table 1.
The SCWO of food waste was conducted using hydrogen peroxide as the model oxidant molar with
loadings ranging from O:C = 0 — 3 (Supplementary Table S2). Reactions were run at 400 — 450 °C for 1
hour, allowing the system to reach autogenous pressures of 211 — 265 atm (Fig. 2a). When the reaction was
run in the absence of oxidant (O:C = 0), the primary product was an organic-rich liquified product.’*3! The
gas product was primarily CO, which accounted for less than 10% of the total carbon product
(Supplementary Fig. S1). In comparison, reactions with O:C > 0 (i.e., SCWO conditions) produced
primarily gases and water-soluble side products (Supplementary Fig. S1). The gas product consisted
primarily of CO,, with yields of 40 — 70% at 450 °C (Supplementary Fig. S1); elevated temperatures have
been demonstrated to achieve quantitative conversion on the order of seconds,*? consistent with our model
predictions at 650 °C (Fig. 2d). For all reaction conditions, aqueous products were also collected, consisting
of a mixture of small chain carboxylic acids (Supplementary Fig. S2) and aromatic compounds
(Supplementary Fig. S3). Increasing the initial oxidant loading from O:C = 0 to O:C = 3 shifts the products
from solid and liquefied products to gases, which is evident both by product analysis accompanied by a
noticeable change in the aqueous phase color, from yellow (at O:C = 0) to colorless (at O:C = 3) and as
shown in Fig. 2b. The change in aqueous phase color corresponds to a reduction in aromatic compounds
corresponding to a decrease in UV-Vis absorbance at 220 nm (Supplementary Fig. S3). The concomitant
reduction of aqueous carbon and simultaneous increase in small chain carboxylic acids (Fig. 2¢) and
gaseous CO, yield (Fig. 2d) observed with increasing initial O:C ratio is consistent with greater completion

of the desired oxidation reaction, converting food waste to CO,,

To maximize the usefulness of the experimentally determined conversion data, Fig. 2d contains a
simple theoretical prediction of yield at temperatures above 450 °C. The model is based on previously
published studies and consists of lumped reactions that are assumed to be first order relative to food waste.?

The regressed value of the apparent activation energy is 25.3 kJ/mol, is comparable to previously published
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1 values for food waste combustion.?*3* More information on the fitting methodology can be found in the SI.
g 2 The predictions show that full conversion can be achieved at temperatures near 650 °C, again consistent
]
(8]
% 3 with previous studies of SCWO that have published complete conversion of aqueous-soluble compounds
=
:% 4 from 500-600 °C.35-38 The kinetic model therefore validates that the experimental data are consistent with
o
§ = 5  previous SCWO studies and provides confidence in using the data in subsequent analyses. Experimental
—
5 B .
¥ E 6  data were used in all subsequent analyses.
g2
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ég- 8 Figure 2| Analysis of the hydrothermal mineralization pathways. (a) Schematic of the two-stage SCWO-Mineralization process
- 9 for waste-to-concrete. (b-d) SCWO oxidation showing recovery of organics from aqueous phase with developed model for
= 10 predicting gas-phase CO, yields: rco,= 10"Pexp ( 2. 3)[FW] [0,]%65. (e-g) Hydrothermal mineralization showing complete
11 conversion to calcite achievable within 20 min at CO, pressures corresponding to SCWO product streams. All error bars represent
12 the standard deviation within a given sample set (N = 2).
13
14  3.2.Rapid and Complete Mineralization of High-Pressure CO,
15  Supercritical water oxidation of food waste at 450 °C produces an autogenous headspace pressure of 265
16  atm (Fig 2a). Industrial flue gas point source capture (PSC) and atmospheric direct air capture (DAC), by
17  contrast, are available at ambient pressure; the thermodynamic benefit of pressurization is quantified by the
18  minimum work of separation, which depends on the fugacity — and hence the partial pressure — of the
19  separated gas. The minimum work of separation for capturing CO, from DAC or natural gas or coal
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combustion PSC is found to range from 7 — 25 kJ/mol of CO,.3° For O:C = 3 the headspace results in a 35

vol% CO, stream which would reduce the work of separation to 4 kJ/mol of CO, at ambient conditions.*

A pressurized CO, stream can achieve extreme aqueous supersaturation that accelerates mineralization
rates, potentially solving the footprint problem that plagues industrial gas capture and DAC.*'*> To quantify
the impact of CO, partial pressure on mineralization kinetics, rates were measured at three partial pressures
for the conversion of calcium hydroxide (Ca(OH),) to calcium carbonate (CaCQO;): (1) 10 atm CO,
(simulating HTOM conditions), (2) 1 atm CO, (PSC), and (3) 420 ppm CO, (DAC). The pressure of the
HTOM stream was selected as a conservative lower limit that accounts for partial depressurization
associated with cooling the SCWO product gas and dilution due to the presence of N, when air is chosen
as the oxidant source. The pressure of the PSC stream, on the other hand, is an upper limit on the partial
pressure of CO, in a combustion gas mixture, with most flue gasses ranging from 4 — 14 wt.%.* Using
Ca(OH), as the precursor ensures that the slurry pH will be sufficiently alkali to ensure that CO, will form

carbonic acid to react with Ca(OH), to form CaCO; (Supplementary Fig. S4).

Exposing water slurries of Ca(OH), to CO, streams at room temperature for 2 h resulted in the
formation of solid products, which were then analyzed using XRD to distinguish and quantify formed
CaCQOj; from residual Ca(OH), (Fig. 2e). Subsequent kinetic mineralization studies were performed (Fig.
21), showing that Ca(OH), conversion to CaCO; was complete after 20 min exposure to the HTOM stream.
In contrast, the process reached completion only after 2 h for the ideal PSC stream. Negligible conversion
was observed for the Ca(OH), exposed to the CO, stream simulating DAC conditions. Theoretical modeling
was performed to estimate the mineralization rate of a less optimistic PSC than shown in the experimental
data provided in Fig. 2f, showing that a PSC stream consisting of 10% CO, at 1 atm (i.e., partial pressure
of 0.1 atm) increases the rate marginally compared with the DAC stream (4.2x10* atm). Accordingly, Fig.
2f confirms that the pressurized product stream accelerates mineralization at least 10-fold relative to that
observed for combustion gas streams and more than 100-fold relative to DAC. These rate increases

correspond directly to commensurate decreases in the footprint required for mineralization.
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1 The CaCO; product formed from exposure of Ca(OH), to the HTOM gas stream consisting of 10 atm
g 2 CO, was imaged using FESEM (Fig. 2g). The mineralized product is a uniform distribution of nearly
o
o
% 3 spherical calcite particles ranging in size from 1 — 3 um (Fig. 2g). Due to the rapid mineralization kinetics
=
Q
§ 4  observed in this system, the rate of nucleation is must be much larger than the rate of growth of calcite
o
@
T 5  particles, resulting in small particle sizes and a narrow size distribution.** A small, uniform crystal size is
T
£
€ 6 crucial to developing alternative concretes as this allows for the use of finer aggregate grain sizes, increasing
Q
c
(=]
< 7  the potential for compressive strength in mineralized concrete mortars.*>46
o
2
Z 8  3.3.HTOM for Production of ACM
5
£
3 9  Having proven thermodynamically favorable, rapid, and complete conversion of Ca(OH), into CaCOs;, the
[<}]
2
E 10  next step was to combine the mineralization step with ACM synthesis. Reported cementation efforts using
@
% 11  mineralization chemistries use enzymes or microbes to increase the effective concentration of carbonic acid
=]
g 12 in the aqueous phase.*'* HTOM allows for rapid gas-liquid mass transfer and subsequent calcite
ke
2 13 precipitation without the assistance of biological promoters, thereby reducing costs and process complexity.
&
é 14 To study the use of HTOM for ACM production, mineralization was performed in the presence of sand and

15  gelatin to confer strength.*! Three combinations of mortar were tested (shown schematically in Fig. 3a): (I)

Open Access Article. Published on 23 December 2025. Downloaded on 12/24/2025 4:30:13 PM.

16  sand + gelatin + Ca(OH), (Fig. 3 red), (II) sand + gelatin + CaCl, - 2H,0 + Tris base (Fig. 3, green), and

(cc)

17  (III) sand + gelatin (Fig 3, black). Ca(OH), provides a stoichiometric amount of hydroxide ions (OH") to
18  neutralize carbonic acid, which otherwise prevents the dissolution of CO, molecules at lower pH values
19  (Supplementary Fig. S7) and also Ca?" ions to form the calcite; unfortunately, the resulting material formed
20  inthe experiment (I) is weak (Fig 3b, red circle). The SEM images of this material show calcite to be grain-
21  coating, but no bridging occurs between individual sand grains (Fig. 3a). Grain-grain bridging is thought to
22 be required for ACM strength*! Experiment (II), which uses CaCl, - 2H,O as a water-soluble calcium
23 precursor and Tris base to maintain alkali pH, results in an ACM exhibiting bridging between sand grains
24 as well as a nearly 1000% increase in compressive strength relative to experiment (I) and without the need

25  for biological promoters (Fig. 3b, green star).*! The compressive strength of the resulting ACM was 9.23
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MPa, more than double that required for non-load-bearing concrete (4.14 MPa) and nearly sufficient for
load-bearing masonry units (13.8 MPa).*#4° Figure 3b shows that CaCl, and Tris base buffer produce an
ACM with sand particles covered with calcite and abundant grain-grain bridging. The produced ACM
material has a density of 1.45 + 0.04 g/ml, 66% of the density of OPC (2.2 g/ml).*! When the strength is
normalized to the density, the ACM has equivalent specific strength (6.37 MPa - ml/g) compared with load-

bearing concrete (6.27 MPa - ml/g).

a \:‘l q;q " Sand

N 12k ® Ca(OH), HTM
. Sand, Gelatin, », 20 o * BUﬁerﬁiHLM
Ca(OH), ) YGelatin & 10~ oL ACH
BRSNS SR RAIWD B Gaco, = ol
N ©
. II. Sand, Gelatin, =
R, _ )
CaCl,, Trizma = 6
[}
3 4t
5]
©
= 27
11l. Sand, Gelatin, 0 i
NaOH/HNO, 0 2 4 6 8 10 12 14

pH

GENERAL 3 SEM SEI 5.06¥ X40 WD 7.8mm 50m

Figure 3 | Overview of the integration of hydrothermal mineralization with alternative concrete mortars. (Left) green
concrete castings are formed after exposing the wet sand, gelatin blends for (red) unbuffered Ca(OH),, (green) buffered CaCl,, and
(black) calcium-free controls to 10 atm CO, at 25°C for two hours. (Right) Strength is imparted by the scaffolded gelatin structure,
with the pH-controlled calcite-infused ACM exhibiting optimal strength at pH = 9. All error bars represent the standard deviation
within a given sample set (N = 4)

Experiment (III) was performed over a range of pH values but in the absence of calcium. Interestingly,
the strength of materials produced in experiment (III) is highly dependent on pH and — at optimal pH —
results in a material with strength comparable to that observed for experiment (II) (sand+gelatin+CaCl, -
2H,0+Tris base). Experiment (III) confirms that controlling pH is required for production of an ACM with

favorable properties.

The strength of the material synthesized in the absence of calcium indicates that gelatin-sand interaction
is the key, with the disposition of calcite playing a negligible role. Gelatinization is optimized at a pH of 9,

coincident with the pH of the buffered mixture used in the experiment (II) (Fig. 3b, green star). At a pH
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1  differing from 9, either in the alkali or acidic direction, the gelatin triple helices cannot crosslink during
2 dehydration, leading to materials with less strength than those produced by crosslinking at optimal pH (Fig.
3 3b).*% In comparison, experiment (I) was performed at a pH much more alkali than the optimal value.
4  Imaging the material produced from the experiment (I) reveals well-defined yet highly agglomerated
5 individual particles; agglomeration associated with the gelatin, rather than bridging, confers material
6  strength. Accordingly, ACM formed by calcium mineralization depends on gelatinization while durably

7 storing CO, as CaCO;.

3.4.Carbon Negativity

9  Having established technical feasibility, the next step was to evaluate the carbon balance for HTOM using
10  experimental data reported here. Mass and energy balances were solved using ASPEN/HYSIS and
11  combined with life cycle analysis tools to estimate the CO, produced — or abated — by the production of
12 ACM (Fig. 4). More details are provided in Supplementary Fig. S5 and Supplementary Table S3. Figure 4a
13 shows the overall energy balance for converting food waste to CaCO; as a function of initial solids and

14  oxidant loadings. Hydrothermal liquefaction (i.e., O:C = 0) is an endothermic process, with substantial

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
00

15  energy required to maintain the primary reactor vessel at 450 °C. For SCWO reactions (O:C = 1 — 3), the

16  oxidation and mineralization steps recover nearly 50% of the initial energy in the feed. The energy balance

Open Access Article. Published on 23 December 2025. Downloaded on 12/24/2025 4:30:13 PM.

17  is relatively insensitive to O:C ratio if it is greater than 2 and only weakly dependent on solids loading,

(cc)

18  indicating that economically realistic O:C ratios can achieve favorable energy returns for feeds with solids
19  loadings that can be pressurized using existing high-pressure pumps. A detailed breakdown of the energy

20  balance can be found in Supplementary Fig. S6.

10
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Figure 4: (a) Process modeling for the combined SCWO + mineralization steps demonstrates the potential for autothermal
operation (0 MJ/kg) or even as a net energy-producing process as oxidant and solids loading is increased. (b) Life cycle
assessment shows positive and negative emission processes (solid and shaded bars, respectively) of the combined
HTOM process demonstrates that the overall process can displace 0.1 kg CO,/kg alternative concrete for conditions
in this study (yellow star).

The mass and energy balances from Fig. 4 were combined with data from GREET, a lifecycle
database developed by Argonne National Laboratory with predefined hydrothermal processes, for a
process-level LCA. The LCA was performed using experimental data obtained at 450 °C and an O:C ratio
of 3. The ACM material in this LCA is considered a drop-in replacement for concrete as it currently has

strength that outperforms non-load-bearing concrete (4.14 MPa).

Figure 4b compares the sequential effects of several process variations between traditional concrete
and food waste management against the production of ACM with varying carbon contents. The net
emissions between the two industries are representative of the total offset potential of ACM production in
avoiding the production of concrete and diversion of food waste from traditional waste management.
Traditional concrete production results in 0.1 kg CO, per kg concrete (light gray, Fig. 4b). In comparison,
ACM production without including sequestered carbon produces 0.02 kg CO, per kg ACM corresponding
to a net reduction of -0.076 kg CO, per kg concrete. Carbon offsets included aversion of CO, and CH,
arising from food waste landfilling when carbon is sequestered within the ACM. The magnitude of this
offset depends on the amount of carbon contained in the ACM. Experimentally, the target carbon loading
was 0.72 wt.%;* the measured ACM material produced by HTOM contained 0.40 wt.% of carbon. More
details are provided in Supplementary Fig. S7 in the SI. With this carbon content in the ACM, CO, removal

11
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1 for the HTOM process is -0.1 kg CO, / kg ACM, which is effectively 0.1 kg of CO, averted for every kg

2 of ACM that is produced

3 4. Discussion

4 HTOM achieves (1) conversion of organic wastes into a high-pressure CO, stream, (2) rapid and
5 complete mineralization of CO, as carbonate, (3) production of an ACM with a compressive strength of
6  9.23 MPa, and (4) net carbon negativity relative to standard waste management and concrete production.
7  The scale of global organic waste generation is on the same order of magnitude as concrete demand,
8  meaning that the magnitudes of the supply and demand streams are well matched as required for a scalable
9  technology.>® Despite the abundance of energy-rich organic wastes, these feeds are currently disposed of
10  inlandfills, incinerators, or digestors. The use of these organic wastes for ACM production has the potential
11  to offset nearly a fifth of all anthropogenic greenhouse gas emissions.>!! Strategic use of these wastes could
12 be one key to unlocking a climate technology that aids in the reduction of anthropogenic carbon at a scale

13 with real potential global impact.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

14 Any technology that aims to utilize wastes for carbon storage must: (1) achieve a thermodynamic

15  pathway that favorably concentrates then sequesters CO,, (2) be atomically and kinetically efficient to

Open Access Article. Published on 23 December 2025. Downloaded on 12/24/2025 4:30:13 PM.

16  carbon in each stage of the sequestration process, (3) create a valorized product that is a drop-in replacement

(cc)

17  for existing building materials, and (4) exhibit a net-negative carbon demand, including the sourcing of all

18  system inputs at scale. The current study establishes that HTOM achieves all of these goals.

19 First, from a thermodynamic perspective, this study identifies a pathway to concentrate high-
20  pressure/temperature CO, without incurring the separation and regeneration penalties of DAC. The
21 demonstrated process hydrothermally oxidizes the energy-rich, wet organics, releasing 8.4 MJ/kg of food
22 waste and producing a stream of high-pressure CO,. Energetics benefit because SCWO is strongly
23 thermodynamically downhill and does not require energy-intensive drying; pressurization of the feed itself

24 s a low-energy process due to its liquid state. The high-pressure CO, is then mineralized to form calcium

12
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carbonate within a concrete matrix. This step is thermodynamically downhill (AG = -1129 kJ/mol) and
releases an additional 3.2 MJ/kg FW of bioenergy. Compared to current direct and point source capture
technologies, HTOM is thermodynamically favorable, highly selective to CO,, and robust enough not to be

affected by residual oxygen or moisture as the reaction is facilitated in water.

Second, the study demonstrates the rapid supercritical water oxidation of a real wet MSW feed.
Specifically, food waste was chosen for this study as it is energy-rich, cost-negative and exists at a scale
that closely matches the demand by the ACM process.’!’! Experimental results indicate that food waste can
be converted with a 70% yield of CO, at 450 °C; theoretical models suggest that operating at 650 °C can
achieve 100% yield on the order of minutes, which can provide further benefits.>? Due to the extreme
supersaturation imposed by the HTOM-produced CO,, the mineralization step reaches completion in just

20 min, at least 10-fold faster than is possible for PSC and more than 100-fold faster than DAC.

Third, HTOM produces an alternative concrete matrix with 9.23 MPa strength, making it a
competitive alternative for non-load-bearing concrete, and very close to the average strength required for
load-bearing masonry units (13.8 MPa), a product responsible for 6% of the global concrete production. -2
The current design uses gelatin polymers to confer strength via crosslinking upon dehydration. However, a
pH more acidic or alkaline than the optimal value (9) prevents crosslinking and reduces the strength. In the
current, buffered synthesis, SEM-EDS imaging confirms that residual Cl counterion remains in the final
ACM product that is sourced from CaCl, (Supplementary Fig. S8). While the direct impact on long-term
durability due to the Cl is unknown, future development of a chloride- and buffer-free synthesis should
consider polymer matrices that are stable at elevated pH, allowing for the direct use of Ca(OH), without
the use of a buffering salt. A strengthening agent that is stable in alkali environments would enable a process
that can retain strength without the pH control requirement. Furthermore, by more carefully controlling the
nucleation and growth kinetics during mineralization, the materials may be engineered to both increase the
carbon loading (up to 12 wt.% C is theoretically possible) or strength—native limestone ranges from 10 —

50 MPa, which is comparable to OPC (56 MPa).’*>* While the long-term stability of the ACM was not

13
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1  studied in this work, it is important to acknowledge that the reversible hydrolysis of the biopolymer binder

2 should be carefully considered in future developments of such technologies, as other composite materials

@

Q

@

% 3 have experienced similar challenges.’>>” Though gelatin was combined with a buffer and used effectively
=

:g’)‘ 4  as a biobinder here, future development of polymeric binders that can be produced sustainably at the scale
Q

% 5 of 1 —4 billion ton/yr and are stable under highly caustic and aqueous environments are required to further
&

£

£ 6  advance this field.

¢)

g

§ 7 Fourth and finally, life cycle analysis of the HTOM process establishes its potential as a negative
2

Z 8 emissions technology by yielding a net reduction of -0.1 kg CO,/kg ACM. Accordingly, the process
2

o

% 9  presents a significant opportunity for energy generation, waste disposal, concrete production, and carbon
o

% 10  storage. While the studied process was not optimized for a complete technoeconomic analysis (TEA),
G

w 11  existing literature for SCWO and hydrothermal liquefaction (HTL), an adjacent hydrothermal technology,
e}

c

3 12 supports the development of HTOM as a cost-competitive solution as it is a localized solution that valorizes
@

@ 13 products on the front and back-end of the process.>-°

o

IS

é 14 In the future, further improvements are possible. Evaluating the GHG breakdown (Fig. 4b) shows

15  that the primary emissions contribution to ACM production is the use of calcium hydroxide. This study

Open Access Article. Published on 23 December 2025. Downloaded on 12/24/2025 4:30:13 PM.

16  assumes that calcium hydroxide is produced through the chloroalkyl process from calcium brines that have

(cc)

17  been concentrated to the solubility point of calcium chloride (74.5 g/100 ml). While this step is energy
18 intensive and has a carbon footprint of 1.09 kg CO,/kg Ca(OH),, this alternative production of Ca(OH),
19  nets a 13% decrease in emissions from the traditional production (1.26 kg CO,/kg Ca(OH),), which usually
20  relies on hydrating lime (CaO) produced through the calcination of CaCQO;. Future innovations toward the
21  electrification of the Ca(OH), process could help reduce the emissions associated with Ca(OH), production
22 by an additional 50%, a crucial step in deploying green concrete mineralization technologies such as
23 HTOM. Electrified and alternative synthesis routes that source the calcium hydroxide from CaCl, followed
24 by electrochemical oxidation, mined minerals such as wollastonite or waste cement may be more attractive

25  calcium sources with smaller carbon footprints.®0-62
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In conclusion, the present study presents a compelling case for HTOM as a negative emissions
technology that can avert up to 13% of global GHG emissions. To secure a more sustainable future for our
planet, continued work on ACM and other NETs must focus on process scaleup and technoeconomic
considerations, particularly with regard to the rapid setting of the ACM blocks at mild temperatures and

pressures.

15
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1 5. Methods and Materials

2 5.1.1. Supercritical Water Oxidation of Food Waste

3 Greener Chemistry LLC provided the food waste in this study. The waste was collected from a veteran’s
4 hospital, dehydrated and ground using an Ecovim dehydrator, and then stored in a freezer at -20°C until
5 used. All SCWO occurred in a Parr Series 4756A batch reactor (Supplementary Fig. S9 — S10) constructed
6  of 316 SS with an internal volume of 250 ml. Each run reacted 1 g of dehydrated food waste in 50 ml of
7  deionized water. The oxidant source for the reaction was 30 wt.% hydrogen peroxide that was loaded into
the reactor at various amounts to achieve different oxygen-to-carbon (O:C) ratios of 0 — 3 on a molar basis.
9  Molar ratios were not corrected for oxygen present in the food waste. All reactions were run at or below
10  450°C and produced autogenous pressures of 204 — 265 atm (Supplementary Table 1). Reactions beyond
11 450°C and O:C = 3 were not evaluated for the risk of reactor failure. The reactor was rated for 500°C and
12 340 atm and was fitted with a rupture disk to allow for a controlled failure route in an emergency.
13 Additionally, since the primary oxidant source in these reactions was hydrogen peroxide, care was taken to

14  inspect the reactor walls for pitting as high concentrations of H,O, at high temperatures have been shown

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
00

15  to corrode stainless steel.6?

Open Access Article. Published on 23 December 2025. Downloaded on 12/24/2025 4:30:13 PM.

16  5.1.2. Product analysis and yields

(cc)

17  Upon the completion of the reaction at 60 min, the reactor was cooled in a cold-water bath to 40°C in <10
18  min. The headspace was vented into a volumetric collection vessel to measure the total headspace volume
19 by water displacement (Supplementary Fig. S9). The collected gas was then sampled with a gas-tight
20  syringe. It was injected onto a Shimadzu GC-2014 at 80°C with a RESTEK Rt®-Q-BOND column, 25
21  ml/min helium carrier gas, and TCD at 110°C inlet to determine the volume fraction of CO, which was
22 determined using a calibration of known CO, injection volumes. Peaks for nitrogen and carbon dioxide
23 were individually calibrated using volumetric injections of standard gases (Supplementary Fig. S11).
24 Carbon recovery for this study is defined as the mass of carbon recovered in the gas head space as CO,

25  ratioed against the mass of carbon in the initial feed. After analyzing the gas headspace, the reactor contents

16
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were separated via vacuum filtration to separate the aqueous product from char using methods described in
prior work by the group. In hydrothermal liquefaction, an oil phase is known to attach itself to the char
phase, so the char was washed with acetone to separate any oil that may have formed but was not
quantifiable except in the oxidant-free control (O:C = 0). The aqueous product was analyzed on a Shimadzu
TOC-L system to determine the total organic carbon within the aqueous phase. Aqueous acetic acid
concentrations were analyzed on a Shimadzu HPLC equipped with a RESTEK ROA-Organic Acid H +

(8%) column at 50°C with a flowrate of 0.6 mL/min (Supplementary Fig. S3).
5.1.3.  Modeling the SCWO mechanism

The reaction pathway for this study was modeled as the direct oxidation of food waste to CO, and all

remaining carbon in the system was considered to remain as food waste.

EaFW n m
reo, = Aco,exp (=t ) [FW]"[0,]™(3)

Where r is the rate of consumption of food waste in the reactor, Aco, is the model pre-exponential factor, E
ary is the apparent activation energy for the system R is the ideal gas constant, T is the temperature, [FW]
and [0,] are the concentrations of food waste and oxygen in the system, all with units of
J,mol, L, K, and sec. The concentration of food waste was determined using an estimated molecular
formula (C,;H360,0) based on the elemental composition (Supplementary Table S4 — S5). The data was fit
to the model with MATLAB?’s differential equation functions (Supplementary Fig. S12 — S13), providing

the final equation:

53
reo,= 10" exp (H) Fwilo,]" (4)

The lumped model allowed insights beyond reactor capabilities (T>450°C) and resolution within the
oxidant loading space. Uncertainty values for each parameter were calculated in MATLAB and are

described in the SI

17
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1 5.2.Mineralization of CO, into CaCO;

2 The mineralization studies were conducted in a second custom Parr 4561 moveable head reaction vessel.
3 The vessel had an internal volume of 250 ml and was lined with Teflon to eliminate the negative effects of
4  caustic solutions on the 316 stainless steel reactor body.% High-purity calcium hydroxide was used in these
5 studies to maintain a caustic environment (pH>7), necessary to allow CO, to dissolve into water as
6  bicarbonate (HCOj5") or carbonate (CO;>) ions which can readily react with free calcium (Ca?*) to form
7  CaCOa;. To test the effects of CO, partial pressure on mineralization, the reactor headspace experienced one
of three environments: (1) pressurized to 10 atm CO,, (2) pure CO, at atmospheric pressure, or (3) air (400
9 ppm CO,) at atmospheric pressure. The reaction was mixed with a gas dispersion impeller for 1 — 120
10  minutes. Upon completion, the solid products were separated from the aqueous phase using vacuum

11 filtration and were then dried in an oven at 100°C.

12 5.3.CaCO; yield analysis and kinetic parameters

13 The resulting solid cake from mineralization experiments combined Ca(OH), and CaCOs;. Using a

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
00

14  GiegerFlex X-Ray Powder Diffractometer, a calibration curve was made to determine the weight percent

15  of CaCO; within a sample based on the areas of characteristic peaks (Supplementary Fig. S14). To

Open Access Article. Published on 23 December 2025. Downloaded on 12/24/2025 4:30:13 PM.

16  determine the kinetic parameters of the mineralization, the Ca(OH), was considered to be in excess due to

(cc)

17  the low solubility of Ca(OH), in water. The initial rates of each system were determined by the method of
18  initial rates, (t < 20 min), assuming the rate followed a power law equation:

19 Tcaco; = kCaCO3Pg02 (6)
20 where T¢cqco, is the experimentally determined initial rates, K¢qco, is the rate constant for this system, P¢o,

21  is the partial pressure of CO, in the headspace, and a is the reaction order of the system with units of

22 mol, L, atm, sec. The values of k and n were found by plotting the In (T‘Cac03) vs. In (P¢o,) which gives

23 the equation (Supplementary Fig. S15):

24 In (TCaco3) =aln (Pcoz) + In (kCaco3)(7)

18
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Once k and n were solved, a family of curves could be plotted to identify the impact of CO, partial pressure

on the conversion of Ca(OH),.

5.4. Integration of HTOM with alternative concretes

The development of HTOM was incorporated into alternative concretes in three ways: (1) the methodology
laid out by Wang et al. in the development of ECM, (2) replacing CaCl, and Tris base with Ca(OH), as a
stoichiometric source of calcium and hydroxide ions, and (3) a control where there is no calcium or carbon

introduced to the system.

For the ECM method, 0.257 g of CaCl, - 2H,0, 0.0106 g of Trizma base, 0.0813 g of Type A gelatin, and
3.13 g of 300 um sand was mixed were added to a 0.125 m? cube silicone mold. Separately, a 100 ml DI
water bath was heated to 35°C, at which gelatin became soluble. Once at the temperature, 0.8 ml of the DI
solution was added to the sand mixture, allowing the sand mixture to self-compress. The silicone molds
were then added to a Parr vessel on top of a layer of desiccant material. The reactor was sealed, heated to
40°C, pressurized to 10 atm of CO, for 2 hours, and then raised to 100°C for 22 hours. After 24 hours, the
reactor was depressurized, and the silicone molds were removed. For the Ca(OH), system, the CaCl, - 2H-
,O and Trizma base was replaced by 0.130 g of Ca(OH),, and all procedural steps were consistent with the

ECM methodology.

For the control samples, the calcium and base sources were removed from the samples completely, leaving
sand and gelatin remaining in the solid matrix. The pH of the aqueous media was adjusted using sodium
hydroxide (NaOH) and nitric acid (HNO;) to provide a pH ranging from 2 — 13. The aqueous phases were
added to the mold similarly to ECM. Once added, the molds were placed directly in the oven to dry and

were not exposed to CO,.

Once dried, the uniaxial strength of each ACM block was determined by measuring its compressive strength

on an Instron universal test stand, using a compression rate of 1.27 mm/min. Images of the interparticle

19
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1  bridging were taken on a JEOL JSM 7000F SEM. The presence of CaCO; within the samples was identified

2 using a Netzsch 209 F1 Libra TGA with a heating rate of 5°C/min.

3 5.5. Process Model Development

4  The SCWO process for converting food waste into CO, was modeled in ASPEN/HYSYS to estimate the
5  overall energy flow for the system. For this model, methanol (CH;OH) was chosen as a model compound
6  because it has the same energy content as the food waste used (23 MJ/kg) and a similar elemental
7  composition to food waste. The system modeled assumes 1 ton of methanol processes per day, operating
8  continuously for 24 hours. The model uses a conversion reactor in which the operating temperature and
9  conversion are informed by the data presented in Fig. 2d. The sum of energy demands from the pump,

10  compressor, reactor, and steam turbine determined the net energy of the system.

11 5.6. Development of a lifecycle analysis

12 The lifecycle analysis for the Waste-to-Concrete process was modeled in GREET, an LCA software

13 developed and maintained by Argonne National Laboratory (ANL). The boundary of the model includes

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

14  the sourcing of food waste from landfills to the production of alternative concretes, offsetting demand from

15  traditional concrete production (Supplementary Fig. S16).

Open Access Article. Published on 23 December 2025. Downloaded on 12/24/2025 4:30:13 PM.
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16  The model assumes that food waste is avoided from landfills, preventing landfill gas emissions.
17  Additionally, the model is designed such that the SCWO conversion happens on-site at a waste management
18  facility, eliminating additional transportation costs (Supplementary Fig. S17). The energy flow of the

19  process is dependent on the energy balance calculated by the ASPEN/HYSY'S model (Fig. 4a).

20  The mineralization of CO, assumes the rapid conversion of Ca(OH), under elevated pressures. Under batch
21 conditions, the introduction of Ca(OH), produced a pH that limited the strength of the model, in production,

22 the loading of Ca(OH), would be dosed such that the pH stayed around the peak strength.

20
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The production of Ca(OH), was adapted from the electrolysis process used primarily to produce sodium
hydroxide. Using literature provided by ANL, the water and energy demand of the preexisting NaOH
GREET process were adjusted for the conversion of calcium brines (CaCl,) to form Ca(OH),, rather than
sodium( NaCl) brines to form NaOH (Supplementary Fig. S18). The emissions corresponding to sourcing
of calcium brines were also adapted from GREET’s existing calculations for NaCl under the assumption

that the CaCl, will likely be collocated or require similar processing as NaCl (Supplementary Fig. S19).

Lastly, alternative concrete production accounts for producing and transporting sand and gelatin, the matrix
and binder in these materials. Additionally, this process is awarded an associated offset for diverting

production from traditional OPC (Supplementary Fig. S20).
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1 6. Glossary of Terms
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g SCWo Supercritical Water Oxidation
© cOo, Carbon Dioxide
-§ NET Negative Emission Technology
5 MSW Municipal Solid Waste
§ CaCO03 Calcium Carbonate
o OPC Ordinary Portland Cement
g Ca0 Calcium Oxide
2 Si0, Silica / Silicon Dioxide
E GWP Global Warming Potential
8 ppm Parts per million
; BECCUS Bioenergy Carbon Capture Utilization and Storage
p HHV Higher Heating Value
'% HTL Hydrothermal Liquefaction
= TOC Total Organic Carbon
i Ca(OH), Calcium hydroxide
S DAC Direct Air Capture
E PSC Point Source Capture
8 XRD X-Ray Diffraction
< HTM Hydrothermal Mineralization
5 CSH Calcium Silicate Hydrate
© Ca0 Calcium Oxide
_g CaCl, -2H,0 Calcium Chloride Dihydrate
5 ECM Enzymatic Construction
'§ SEM Scanning Electron Microscope
o LCA Lifecycle Assessment
b MPa Megapascals
2 M] Megajoules
= kg Kilogram
2 0:.C Oxygen-to-Carbon Ratio
= psi Pound per square inch
CR Carbon recovery
Mc.co, Mass of carbon as CO,
Mmcrw Mass of carbon in food waste
HPLC High-pressure liquid chromatography
0 ODE Ordinary differential equation
] Tco, Rate of formation of CO; in food waste SCWO
Eapy Activation Energy for food waste SCWO
Aco, Pre-exponential factor for food waste SCWO
n Reaction order for food waste
m Reaction order for oxygen
Tcacos Rate of formation of CaCO; in mineralization
kcaco Rate constant for CaCO; formation
a Reaction order for CaCO; mineralization
R Ideal Gas Constant
T Temperature
OH™ Hydroxide ions
HCO3 Bicarbonate ions
0%~ Carbonate ions
Pco, Partial pressure of CO,
HNO5 Nitric Acid
NaOH Sodium Hydroxide
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