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Sodium carbonate (NayCO3), known as soda ash, is used in various industrial processes such as glass making,
detergent, metallurgy, and water treatment, which is produced from salt brine (NaCl) and limestone (CaCO3) in
the presence of ammonia by the Solvay process. Although the Solvay process is fully optimized, it requires large
amounts of energy, generates significant CO emissions, and produces undesirable byproducts. Here we describe
a catalytic strategy that can address the energy and environmental challenges facing the Solvay process. The
hydrogen-bearing HyRuO; catalyst selectively hydrogenates nitrate to ammonia, facilitating the conversion of
CO; into sodium bicarbonate (NaHCO3) through mineralization and yielding valuable ammonium bicarbonate
(NH4HCO3). We also report on the techno economic analysis and life cycle assessment of the catalytic process
compared to the Solvay process via rigorous commercial-scale process design and thereby propose a clear so-
lution to mitigating CO» emission, reducing energy consumption, and alleviating the environmental threat
without loss of economic feasibility. The newly developed catalytic route might offer a promising alternative

process to produce soda ash via an atom economic synthetic route.

1. Introduction

Soda ash (NayCOs3) is an essential chemical raw material with a
global annual production volume of over 65 million tons in 2023 [1].
The Solvay process, which is the most widely used production method,
accounts for approximately 45 % of global production capacity [2]. The
Hou process, which is very similar to the Solvay process, uses sodium
chloride, carbon dioxide, ammonia, and water as starting materials and
represents about 25 % of global production capacity [3]. However, the
Hou process is more energy-intensive than the Solvay process, which
requires about 14.25 GJ of energy per tonne of Na,COs. In contrast, the
Trona process, based on trona deposits, is less energy-intensive,
requiring about 5.6-7 GJ per tonne of Na,CO3 and represents 23 % of
global production capacity [2]. Despite its lower energy requirements,
the Trona process is not sustainable due to the limited availability of
high purity trona deposits. Unlike the Hou and Trona processes, the
Solvay process uses readily available inexpensive brine (NaCl) and

limestone (CaCO3) as sources of sodium and carbonate ions, respec-
tively. The reaction between brine and limestone, given by 2NaCl
+ CaCO3 — NapCOs3 + CaCly, seems straightforward, but does not pro-
ceed without ammonia. Moreover, a large amount of energy is required
to obtain CaO and CO, from the calcination of CaCO3 above 825 °C.
Worse than this energy-intensive process, the Solvay process generates
enormous amounts of chemical wastes, including CaCly-laden waste-
water and brine purification sludge, which exceeds the capacity of
conventional disposal sites and is consequently dumped into rivers or
seawater [4].

Several modifications to the Solvay process have been investigated to
produce soda ash via environmentally benign and economical routes
[5-15]. Wu and coworkers reported a novel proton cycled membrane
electrolysis (PCME) technique to make sodium carbonate with low en-
ergy consumption. Compared with the Solvay process, the energy con-
sumption is reduced by about 60.9 %, but the CO, absorption rate is
considerably lower in the PCME process [16]. Forster provided
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theoretical and experimental data demonstrating the feasibility of a
MgCl,/MgO-modified ammonia soda process in which Na,CO3 and HCI
are produced from CO,, NaCl, and HyO [17]. The modified process to
produce sodium carbonate might be promising because it could utilize
the emitted CO, gas and completely avoid the formation of CaCl, as a
by-product. However, the downside of this method is that temperatures
above 800 K are required to operate the modified ammonia soda pro-
cess. Dual process, developed by Asahi chemical industry, uses NaCl,
CO,, and NH3 as raw materials, which produces both sodium carbonate
and ammonium chloride [18]. This reaction can be described as the
following reaction: NaCl + NH3 + CO3 + HyO — NaHCO3 + NH4CL A
notable merit is that by-products such as CaCly are not produced, but the
process has several engineering challenges, including difficult purifica-
tion of brine, severe corrosion from ammonium chloride solution, and
high refrigeration costs. Very recently, Hanein and coworkers proposed
a low-temperature process in which CaCOs3 reacts directly with an
aqueous solution of NaOH to produce Ca(OH); and Nap,CO3 [19]. This
decarbonization method is expected to significantly reduce CO2 emis-
sions by combining the two lime and sodium carbonate manufacturing
processes into one process. Further development of separation tech-
nologies and energy-efficient NaOH production processes is required to
make this decarbonization process viable. Despite these advances, there
is still no alternative method comparable to the improved Solvay
process.

In the Solvay process, ammonia (NH3) is crucial for facilitating the
reaction of CO5 with sodium chloride (NaCl) to produce sodium bicar-
bonate (NaHCO3) and ammonium chloride (NH4Cl). Ammonia is
essential for promoting the carbonation reaction, as the reaction be-
tween CO; and NaCl does not occur in its absence. It is well known that
ammonia can be generated through the thermal or electrochemical
reduction of nitrate [20-28]. We envisioned that this nitrate hydroge-
nation method could be applied to the sustainable synthesis of sodium
bicarbonate (NaHCO3) from nitrate and carbon dioxide (CO5). We have
put more emphasis on the synthetic pathway without generating any
byproducts. In this context, we selected sodium nitrate (NaNOs) as a
model precursor, as it supplies both sodium and nitrate sources. During
the catalytic process, nitrate is converted to ammonia via hydrogena-
tion. This ammonia then creates an alkaline environment, facilitating
the mineralization of NaHCO3 and ammonium bicarbonate (NH4HCO3).
This approach could address some challenges associated with the
traditional Solvay process.

Here we report an unprecedented catalytic strategy that can copro-
duce NaHCO3 and NH3 from NaNO3 over a hydrogen-bearing ruthenium
oxide (HxRuOy). In contrast to the Solvay process that involves multi-
step reactions, this catalytic route is a one-pot reaction and does not
produce any byproducts. Nearly complete conversion of NaNOs into
NaHCO3 and NH4HCOj3 has been achieved in the catalytic reduction of
NaNOs in the presence of CO within a couple of hours. This newly
discovered catalytic approach not only can utilize the emitted COy but
also can produce valuable chemicals such as NaHCO3 and NHj in a
nearly atom economical route, which can play an important role in
mitigating global warming.

2. Experimental procedures
2.1. Materials and chemicals

All the chemicals were obtained from commercial suppliers and used
without further purification unless otherwise stated. Anhydrous ruthe-
nium dioxide (RuO3) powder was purchased from Pressure Chemical Co.
(Pittsburgh, PA, USA). Sodium nitrate (NaNOs) and formic acid
(HCOOH) were purchased from Sigma-Aldrich (Burlington, MA, USA).
Carbon dioxide (COy, 99.999 %) and hydrogen (Hz, 99.99 %) gases were
purchased from Donga Industrial Gas (Seoul, South Korea).
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2.2. Characterization methods

Powder X-ray diffraction (XRD) spectra were recorded with a Rigaku
Miniflex 600 diffractometer (Rigaku Mechatronics Co., Ltd., Japan) with
Cu Ka radiation (A = 1.5406 ;\), operated at 40 kV and 15 mA. Samples
were scanned at a rate of 20° min~! with a scan width of 0.02°.
Ultraviolet-visible (UV-vis) spectra were measured using a Jasco V-660
spectrophotometer (Jasco, Inc., Japan) in the 200-500 nm region with
1 nm intervals. Solution pH was measured with an HI 5521 pH meter
(Hanna Instruments, Inc., Italy). Field emission scanning electron mi-
croscopy (FE-SEM) was performed using a JSM-7100F (JEOL Ltd.,
Japan) with an X-Max EDS detector (Oxford Instruments, UK) for
elemental analysis. Gaseous products were analyzed by gas chroma-
tography Acme 6100 GC (Youngin Chromass Co., Ltd., South Korea)
using a TCD detector with a Porapak N packed column.

2.3. Synthesis of HyRuO2

The HyRuO; catalyst was synthesized using procedures similar to
those in our previous publication [29], with formic acid as the starting
reagent. Initially, 0.10 g of polycrystalline RuO, powder was placed in a
10 mL reaction vial, which was then immersed in a solution of 0.2 mL of
formic acid and 0.2 mL of deionized water. This vial was transferred to a
45 mL stainless steel pressure reactor, which was pressurized to 5 bar of
H, at room temperature. The reactor was then heated to 110 °C and
maintained at this temperature for 12 hours. After the reaction, the
reactor was allowed to cool to room temperature. The resulting black
solid product was washed three times with ethanol and dried under
vacuum for 2 hours.

2.4. Catalytic hydrogenation

The hydrogenation and carbonation reaction were conducted in a
stainless-steel pressure reactor. Initially, a sodium nitrate solution of
appropriate concentration was prepared by dissolving NaNOs powder in
deionized water. The HyRuO; catalyst (typically 20 mg) was immersed
in this aqueous solution, which was then placed in a glass-lined 45 mL
stainless steel pressure vessel equipped with a pressure gauge. The
reactor was purged three times with 5 bar of Hy and subsequently
pressurized with Hy (10-40 bar) and CO3 (5-15 bar). Stirring was ach-
ieved using a magnetic stirrer, maintaining the reaction temperature
within the range of 30-120 °C. After a specified reaction period, the
reactor was cooled to room temperature.

The reaction product was separated into supernatant and precipitate
through distillation (Scheme 1). The precipitate, composed of sodium-
containing compounds such as desirable NaHCOs; and unreacted
NaNOj3, was washed with over 30 mL of water. The resulting suspension
was then centrifuged to isolate water-soluble sodium compounds and
the used catalyst. The sodium compounds obtained were recrystallized
by evaporation and meticulously weighed to determine the yield.
Diluted sulfuric acid was added to the supernatant solution containing
ammonia species, which was subsequently evaporated to produce
ammonium bisulfate (NH4HSO,4). The remaining nitrate ions were
quantified by measuring the absorption intensity in UV-vis spectra at
303 nm.

2.5. Recycling test

To evaluate the recyclability of the HyRuO3 catalyst, a series of ex-
periments were conducted as follows: Initially, 20 mg of HyRuO» cata-
lyst was mixed with a NaNO3 aqueous solution in a glass-lined 45 mL
stainless steel pressure reactor. After purging the reactor twice with Hj
at room temperature, it was pressurized with 20 bar of H, and 5 bar of
COs. The reaction temperature was maintained at 100 °C for 3 hours to
ensure complete reaction, followed by cooling to room temperature. The
resulting product was washed with water, and the supernatant
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Scheme 1. Schematic illustrating the separation and analysis of reaction products.

containing sodium compounds was carefully separated from the HyRuO,
catalyst. The sodium compounds obtained were recrystallized by evap-
oration and characterized using UV-vis spectra and powder XRD. The
yield of sodium compounds was determined gravimetrically. This cat-
alytic reaction was repeated ten times under identical conditions using
the recycled HyRuO;, catalyst.

2.6. Techno economic analysis (TEA)

We evaluated the net present value (NPV) and minimum selling price
(MSP) based on cash flow to analyze the profitability of the process. The
total capital investment (Crcp) includes the total depreciable capital
(Crpc) and working capital (Cwc). The production cost, excluding
depreciation (Cgxclpep), encompasses feedstock, utilities, maintenance,
labor, operating overheads, insurance, and other expenses. Crcj, as well
as the utilities and feedstocks required for the process, were calculated
using the process simulator Aspen Plus V12, with cost-related parame-
ters sourced from Seider et al. [30]. The simulation thermodynamics
method used is ENRTL-RK, which estimates thermodynamic data for
electrolyte systems (e.g., salt formation, equilibrium reactions) [31,32].
The global chemical reactions considered in the process are detailed in
Table S1 and incorporated into the model. Depreciation (Cp) is
accounted for using a 7-year Modified Accelerated Cost Recovery Sys-
tem (MACRS). The plant life (Nj;¢) is set at 25 years, including a 2-year
construction period. Relevant economic indicators are calculated using
Egs. (1)-(3), with the MSP determined as the product cost when the final
NPV reaches zero. Additionally, we analyzed how the economic poten-
tial of the process could be improved by adjusting cost parameters.
Specifically, we varied the costs of sodium nitrate (NaNO3) and
hydrogen (Hy). For green hydrogen, we adjusted the cost to $1.5/kg,
assuming large-scale expansion of electrolyzers and cost reductions,
with the base condition set at $4.28/kg [33,34]. Similarly, the NaNOs
price was adjusted to $0.325/kg, assuming low-cost extraction from
Chilean mines, with the base condition set at $0.65/kg [35]. Detailed
cost parameters and cash flow information are provided in the Supple-
mentary Information (Tables S3 and S6).

Net earnings (NE)= (Sales-Cgxcl.pep-Cp) X (1.0-tincome) 1)
Annual cash flow (CF)= (NE+Cp)-Crpr ()]
Niige
CF,
NPV = — 3
; (1+0)" ®

2.7. Life cycle assessment (LCA)

We conducted a life cycle assessment to compare the environmental
impacts of the Solvay process and the catalytic process. The data for the
Solvay process are not derived from the Aspen simulations. The Solvay
process was evaluated using average data from the literature [36]. A
cradle-to-gate approach was applied, with the functional unit defined as
the production of 1 ton of dense soda ash (Nay;CO3). To ensure a fair
comparison, the sources for common utilities used in both processes (e.
g., steam, electricity, cooling water) were the same. The evaluation was

carried out using SimaPro software, primarily utilizing the Ecoinvent v.3
database. For substances not included in the database, data were
sourced from the literature [37]. The ReCiPe 2016 midpoint (H) method
was used to calculate the Global Warming Impact (GWI), which mea-
sures the impact of greenhouse gas emissions on global warming. We
assessed CO5 emissions for the NaNOgs production process under both
base and optimal conditions. Under base conditions, CO, emissions from
the mining and purification of sodium nitrate are included. For optimal
conditions, it is assumed that CO2 emissions are reduced by half
(Table S6).

3. Results and discussion
3.1. Catalytic synthesis of sodium bicarbonate via nitrate hydrogenation

We have recently demonstrated an innovative metal extraction
process from spent lithium-ion battery utilizing the selective hydroge-
nation of nitrate to ammonia. This catalytic method, based on the
HyRuO, catalyst, uses nitric acid (HNO3), Hy, and CO; as starting ma-
terials, resulting in the production of metal values in the form of car-
bonates [38]. Our strategy for producing NaHCOs in a more sustainable
manner leverages this nitrate hydrogenation technology. We use NaNO3
and CO; as the initial reagents. NaNOs plays a dual role: it serves as a
source for both sodium and nitrate. Meanwhile, carbon dioxide facili-
tates the conversion of sodium cations into insoluble NaHCO3 through a
carbonation/mineralization pathway. The HyRuO; catalyst was chosen
primarily for its exceptional stability in both acidic and alkaline
solutions.

First, we assessed whether the HyRuO; catalyst can convert NaNOs to
NaHCOg through nitrate hydrogenation. All reactions were performed in
a pressure reactor. The catalytic process begins by immersing NaNO3
powder in an aqueous solution together with the HyRuO, catalyst and
then pressurizing it with Hy and CO;, gases. Initial screening experiments
were conducted based on the following chemical reaction, denoted as
Eq. (4).

NaNOs + 4H, + 2CO, — NaHCOs3 + NH4HCO3 + HyO )

The stoichiometric reaction indicates a 1:4:2 ratio of NaNO3:H5:CO,.
However, under stoichiometric operation, NaNOs is not completely
converted to NaHCOs3. Thus, Hy and CO5, gases were supplied in excess to
ensure the full hydrogenation of all nitrate anions and complete
carbonation of sodium and ammonium cations. To optimize the condi-
tions for NaHCOs3 production, various factors such as temperature, re-
action time, concentration, and the relative pressures of Hy and CO4
were evaluated. Table 1 summarizes the yields obtained under different
conditions. The progress of the reaction and the products formed were
carefully monitored using UV-visible spectroscopy and powder X-ray
diffraction.

The reaction temperature gradually increased, starting from 30 °C.
At 30 °C, a trace of NaHCO3; was observed after 48 hours of reaction
time. This result indicates that the hydrogenation of nitrate by the
HyRuO, catalyst proceeds very slowly at 30 °C. The powder X-ray
diffraction (XRD) patterns of the products, depicted in Fig. la,
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Table 1
Yield of NaHCO3 produced from catalytic reactions of NaNO3 under various
conditions.

Entry Temp Time NaNO3 Water  pH, pCO, Yield of

Q) (h) (mmol) (mL) (bar) (bar) NaHCO3 (%)

1 30 48 4 1 20 5 10.42
2 50 2 4 1 20 5 15.32
3 60 2 4 1 20 5 24.21
4 70 2 4 1 20 5 28.38
5 80 2 4 1 20 5 53.83
6 100 2 4 1 20 5 > 99

7 120 2 4 1 20 5 > 99

8 100 2 4 1 10 5 14.29
9 100 2 4 1 15 10 57.03
10 100 2 4 1 10 15 14.67
11 100 2 4 1 40 10 > 99

12 100 2 4 4 20 5 80.68
13 100 2 4 2 20 5 54.52
14 100 2 4 0.5 20 5 29.11
15 100 5 8 1 40 10 > 99

16" 100 24 1185 100 40 10 > 99

? The reaction was conducted in a 600 mL stainless steel pressure reactor.

demonstrate that the conversion of NaNO3z to NaHCO3 occurs more
significantly at temperatures above 50 °C. The powder XRD data indi-
cate that the yield of solid NaHCO3 increased progressively with the
reaction temperature, as shown in Fig. 1b. The formation of NaHCO3
was much faster when the reaction was performed at 80 °C. Complete
conversion is achieved at 100 °C within 2 hours. At 120 °C, NaHCOs5 is

Journal of CO2 Utilization 94 (2025) 103060

produced alongside small amounts of sodium carbonate monohydrate
(NayCO3-H20), indicating that 100 °C is the optimal temperature for
complete carbonation to NaHCOs3. Above 100 °C, NaHCO3 begins to
decompose into sodium carbonate (NapCOs) and CO,. Utilizing the
temperature-dependent data and the Arrhenius equation, we deter-
mined the activation energy of the reaction. The Arrhenius plot is pre-
sented in Fig. S1, and the activation energy (E,) is calculated to be
36.5 kJ/mol.

Analysis of products by powder XRD clearly shows the formation of
NaHCOs. This observation demonstrates that the catalytic reaction se-
questers CO3 in a desirable and stable mineral form. Additionally, the
ammonia gas produced from nitrate hydrogenation reacts with excess
CO4 in an aqueous solution, yielding a significant amount of NH4sHCO3
(Fig. 1c). Ammonium bicarbonate holds value as a feedstock for fertil-
izer. A remarkable feature is that all the reactants, including NaNOs, Hj,
and COo, are utilized to produce NaHCO3 and NH4HCO3. This synthetic
process consists of two primary reactions: one is the selective hydroge-
nation of nitrate to ammonia, and the other is the carbonation of sodium
and ammonium cations. It is worth mentioning that this process is
almost atom-economical, although a slight excess of Hy and CO;, gases is
used to promote reaction. Unreacted Hp and CO3 gases can be recycled
for use in subsequent reactions.

To evaluate the effect of the pressure ratio between Hy and CO3 on
the formation of NaHCOs3, the total pressure was fixed at 25 bar. The
experiment was performed by varying the pressure ratio. The NaHCOs3
yields from entry 8 to entry 10 in Table 1 were reduced (see also Fig. 2a),
indicating that a Hy to CO3 ratio of 4:1 is optimal at a total pressure of
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Fig. 1. (a) Powder X-ray diffraction (XRD) data of the reaction products synthesized at seven different temperatures under the following conditions: 20 mg of
catalyst, 4 mmol of NaNOs, 1 mL of water, 20 bar of Hy, 5 bar of CO,. For 30 °C the reaction time is 48 hours, and for all other temperatures, the reaction time is
2 hours. The XRD patterns include reference entries from the Joint Committee on Powder Diffraction Standards (JCPDS) for NaHCO3, NaNO3, and Na;CO3-H,O at the
bottom. (b) Yields of NaHCO3 at these six different temperatures. (c) Powder XRD pattern of NH4HCO3 obtained after reaction. JCPDS data of NH4HCO3 are shown in

the bottom panel.
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Fig. 2. (a) Evaluation of the effect of the pressure ratio between H, and CO on the yield of NaHCO3 under the following conditions: 20 mg of catalyst, 4 mmol of
NaNOs, 1 mL of water. The reactions were performed at 100 °C for 2 hours. In entry 8, the total pressure is 15 bar, and in the other entries, the total pressure is fixed
at 25 bar. (b) Evaluation of the impact of NaNO3 concentration on the yield of NaHCO3 under the following conditions: 20 mg of catalyst, 4 mmol of NaNOs, 20 bar
of Hy, 5 bar of CO,. The reactions were performed at 100 °C for 2 hours. The corresponding entry numbers in Table 1 are indicated within the rectangular bars.

25 bar. The molar amounts of Hy and CO, gases used in entry 6 of
Table 1 are 40 mmol and 10 mmol, respectively, which establishes a
molar ratio of NaNO3:Hy:CO; at 1:10:2.5. The highest yield is achieved
at this 1:10:2.5 molar ratio of NaNO3:H5:CO; (entry 6, Table 1), sug-
gesting that this is the optimal molar ratio. Compared to the stoichio-
metric equation presented in (4), the amount of Hy used in entry 6 of
Table 1 exceeds the stoichiometric requirement by a factor of 2.50,
while the amount of CO5 slightly exceeds it by a factor of 1.25. When the
total pressure increased from 25 bars to 50 bars while maintaining the
Hp to CO; ratio at 4:1, the yield of NaHCO3 remained over 99 % (entry
11, Table 1). This indicates that slightly more than stoichiometric
amounts of Hy and CO are sufficient to convert NaNOs to NaHCO3 and
NHj3. The potential formation of CO from the excess Hy and CO, was
meticulously investigated using gas chromatography (GC); however, no
CO signal was detected in the GC data (Fig. S2).

A series of experiments were conducted to evaluate the impact of
NaNOs concentration on the yield of NaHCOs. As shown in entries
12-14 of Table 1 and Fig. 2b, the concentration of NaNOs influences the
yield of NaHCOs3. Compared to the 4.0 M solution, both higher and
lower concentrations result in reduced yields. This indicates that the
optimal NaNOg concentration for maximum NaHCOj yield is 4.0 M at a
total pressure of 25 bar. Interestingly, when the pressure is increased to
50 bar (entry 15, Table 1), complete conversion is achieved with an
8.0 M NaNOs solution, suggesting that increasing the pressure acceler-
ates the nitrate hydrogenation.

We scaled up the catalytic reaction from a 1 mL scale to a 100 mL
scale while maintaining a total pressure of 50 bar (entry 16, Table 1).
Complete conversion of NaNOs to NaHCO3 was observed within
24 hours. Notably, even at a low nitrate concentration (1.18 M), the
reaction completed due presumably to the high pressure. The experi-
mental data, although obtained from small-scale reactions, demonstrate
that scalable production of NaHCOs3 from NaNOs is possible across a
wide concentration range at temperatures below 100 °C.

In addition to NaHCOs, ammonia is also produced through this
catalytic process. Gaseous ammonia can be readily isolated from the
reaction mixture by passing it through a strong acid trap. By employing
sulfuric acid as the trapping agent, ammonia is obtained as an ammo-
nium salt in the form of NH4HSO4 (Fig. S2), with yields typically
exceeding 92 %. This new catalytic method can produce both NaHCO3
and ammonium complexes, potentially offering an economically viable
alternative to the existing Solvay process.

Several experiments, similar to the trial conducted in entry 3 of
Table 1, were carried out at 60 °C with different time intervals to

elucidate the sequential pathway for nitrate hydrogenation and
carbonation. The results from six experiments are depicted in Fig. 3,
illustrating changes in yield, pH, and pressure drop over a 24-hour
period. After 2 hours of reaction, the pH of the solution increases to
8.8, the pressure drops about 3.5 bar, and the yield of NaHCOj3 reaches
24.6 %. Extending the reaction time to 6 hours raises the pH to 9.2, with
the yield of NaHCOs3 increasing to 67.1 %, albeit with a 9.7 bar pressure
drop. Continuing the reaction for 12 hours, the pH slightly increases to
9.4, and the yield of NaHCOj3 is 85.6 %, accompanied by a pressure drop
of 13 bar. A complete conversion of NaNOs to NaHCOs is achieved at 60
°C roughly over 12 hours. After the reaction, the pH of the solution
stabilized at about 9.2, and the pressure remained around 12 bar. The
yield of NaHCOs reaches 97.5 %. As depicted in Fig. 3, the NaNOg
conversion increases with prolonged reaction time. However, the pres-
sure experiences a rapid drop at the initial stage, followed by gradual
decreases over time. Similarly, the pH of the solution exhibits a rapid
increase at the beginning of the reaction, maintaining a relatively con-
stant value thereafter. These results suggest that the nitrate hydroge-
nation reaction occurs initially, followed by the subsequent carbonation
reaction.

3.2. Recyclability of the H,RuO3 catalyst

The experimental data described above strongly support the efficacy
of the newly developed catalytic process for producing NaHCOs. Now,
we turn our attention to evaluating the recyclability of the HxRuOy
catalyst, a crucial aspect for constructing an economically viable and
sustainable process. Heterogeneous catalysts are typically easy to
recover and reuse, playing a pivotal role in reducing the operating costs
and carbon footprint of various commercial processes. The used catalyst
was separated from the product using deionized water, which dissolves
NaHCO3 but not the HyRuO; catalyst. To test the activity of the recov-
ered HyRuO; catalyst, a catalytic reaction was performed under
following conditions: 20 mg of catalyst, 4 mmol of NaNOs, 1 mL of
water, 20 bar of Hy, 5 bar of CO,, and a reaction time of 2 hours at
100 °C. The yields of NaHCO3 remain consistently high, exceeding
92 %, throughout the initial 10 cycles, as illustrated in Fig. 4. The sus-
tained activity of the HyRuO» catalyst is quite remarkable, allowing the
catalytic process to be employed as an environmentally benign and
economically viable route to producing soda ash. The microstructures of
the used HyRuOy, catalyst consist of an agglomerate of spherical particles
with an average diameter of approximately 32 nm, which are quite
similar to those of the fresh catalyst (Fig. S3). Additionally, powder XRD
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Fig. 4. Assessing the recyclability of the HyRuO, catalyst. This graph shows the
yields of NaHCOj3 obtained from each of ten consecutive reaction cycles per-
formed under identical conditions. Reaction conditions: 20 mg of catalyst,
4 mmol of NaNOs, 1 mL of water, 20 bar H,, 5 bar CO, at 100 °C for 3 hours.

data of the used HyRuO catalyst match well with those of pure HyRuO,
and do not show any indications of decomposed products such as Ru and
RuO; (Fig. S3) [29].

3.3. Techno economic analysis and life cycle assessment

To evaluate technical performance and economic feasibility, a
techno economic analysis was conducted for the conversion of NaNOs to
NayCOs. Fig. 5a illustrates a process flow diagram of this conversion
process, which consists of four sections designed for continuous opera-
tion and developed using Aspen Plus V12. The four sections include:
Conversion of NaNO3 (Section 1), Calcination of NaHCO3 (Section 2),
Separation of NH4HCO3 (Section 3), and Crystallization of NayCO3
(Section 4). For the base case scenario, operating conditions and reac-
tion specifications were established based on the experimental data
provided in entry 6 of Table 1.

In Section 1, the process begins with selective hydrogenation of ni-
trate to ammonia, followed by the formation of NaHCO3; and NH4HCOs.
NaHCOs can be separated as a solid from NH4HCO3 due to a significant
difference in their solubility at around room temperature (Fig. S4).
Unreacted Hy and CO, gases are recycled. The catalyst is reused after
filtering the RX1 outlet stream. In the calcination step (Section 2),
NaHCOs is converted into NayCOg by releasing CO,, while NH4HCO3
decomposes into NHg, CO,, and H20. The solid NayCOj3 is separated

from the gaseous stream in SEP2. Subsequently, NH4HCOj3 is isolated as
a solid, and the remaining CO, and H»0 are recycled (Section 3). In the
crystallization stage (Section 4), sodium carbonate is isolated in the
hydrate form (NayCOs-xH30), which is transformed into anhydrous
dense soda ash (NayCOs3) during the drying step.

The breakdowns of capital expenditure (CAPEX) and operating
expenditure (OPEX) for the catalytic conversion process are illustrated
in Fig. 5b, representing the base case scenario. The specific CAPEX and
OPEX data used are detailed in Table S2. In the CAPEX breakdown (far
left graph), the compressor (COM) section is the predominant contrib-
utor, accounting for approximately 57 %. This is primarily due to the gas
compression of Hy and COs. Fig. 5b displays two OPEX breakdowns: one
for utilities (middle graph) and the other for feedstock (far right graph).
The feedstock costs constitute 96.2 % of the total OPEX, with the
remaining 4.3 % attributed to utility expenses. The two primary con-
tributors in the feedstock section are the costs of NaNO3 and Hp,
contributing 57 % and 40 %, respectively.

The base case simulation estimates that the catalytic process pro-
duces 184 kilotons per year of NayCOs and 241 kilotons per year of
NH4HCOs. Additionally, revenue is generated from selling carbon
credits derived from the emitted CO; (Fig. S5). Profits from NH4HCO3
and carbon credits amount to $147 million per year, representing 40 %
of the total revenue (Fig. S5). The major advantage of the Solvay process
is its use of inexpensive raw materials such as brine (NaCl) and limestone
(CaCOg3). However, the process requires a significant amount of NHj to
initiate and involves the calcination of CaCO3 to CaO at 850 °C. In
contrast, the catalytic process can reduce steam consumption by
approximately 54 % (Table S3).

As shown in Fig. 5b, feedstock costs have the largest impact on the
catalytic process. We assumed that green hydrogen, produced from
renewable energy, could be used as a raw material. The minimum selling
price (MSP) of NayCOs, estimated from the base case, is $1.27/kg
(Fig. 5¢). Although the MSP under base case conditions is higher than
that of the Solvay process, there are significant opportunities to reduce
the MSP by adjusting the prices of NaNO3 and Hy. We varied these prices
to evaluate their impact on the MSP, as illustrated in Fig. 5c. The details
of base and optimal conditions are provided in Table S4 and Table S5.
Under optimal conditions, the MSP is estimated to be $0.17/kg, which is
lower than the $0.31/kg price of NayCOs produced by the Solvay
process.

We conducted a life cycle assessment to evaluate the potential
environmental impacts of the catalytic process. The cradle-to-gate
approach was used, with a functional unit of 1kg of soda ash
(NapCO3) production. Fig. 5d illustrates the global warming impact
(GWI) results for the Solvay process, the catalytic process under base
conditions, and the catalytic process under optimal conditions.
Compared to the Solvay process, the catalytic process under base
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of NaNOj3 and Hj. The yellow dashed line represents the market price, and the

white box indicates the prices for target green Hy [30]. The red circle and star symbols represent the base and optimal scenario conditions, respectively. Detailed data

for base and optimal conditions are provided in Table S4 and Table S5. (d) Comparis:

on of global warming impact (GWI) results for the Solvay process, the catalytic

process under base conditions, and the catalytic process under optimal conditions. We assumed that the MSP of soda ash produced by the Solvay process is equal to
the market price. Red diamonds and red triangles denote net CO, emissions and MSP of Na,COs, respectively.

conditions can reduce net CO, emissions by 19 %. When optimal con-
ditions are applied, net CO, emissions are significantly reduced by 73 %,
improving the GWI factor.

To achieve both economic viability and environmental sustainabil-
ity, two key factors are required: low-cost green hydrogen and an
inexpensive NaNOj3 supply. Additionally, reducing CO2 emissions from
NaNOj production can significantly improve both the MSP and GWI
values. Under optimal conditions, the MSP is $0.17/kg and the GWI is
0.466 kg CO2-eq/kg. Detailed factors for the techno economic analysis
(TEA) and life cycle assessment (LCA) are provided in the Supplemen-
tary Information.

3.4. Catalytic synthesis of sodium bicarbonate from sodium chloride

The catalytic process described above demonstrates proof of concept
for producing sodium bicarbonate (NaHCO3) with negligible CO,
emissions. However, the starting material sodium nitrate (NaNOs) is
both limited and expensive. By utilizing abundant salt brine (NaCl) as a
sodium source, similar to the Solvay process, we can enhance the
feasibility of this catalytic approach. We thus evaluated the suitability of
NaCl as a precursor for NaHCO3 production by conducting catalytic
reactions at 60 °C for 24 hours under a total pressure of 50 bar (40 bar of
H, and 10 bar of CO5) using 20 mg of catalyst, 4 mmol of NaCl, and
4 mL of 1 M HNOs. As shown in Figure S6, NaHCO3 was successfully
formed alongside ammonium chloride (NH4Cl), confirming the
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applicability of our catalytic technology to salt brine.

Notably, this process can also utilize nitric acid waste from industrial
manufacturing, salt brine, and CO5 emissions from combustion sources.
This versatility could significantly reduce the overall costs of our cata-
lytic method and enhance carbon neutrality in the soda ash and lime-
stone industries. The full potential of our catalytic approach may be
realized by pairing it with green electricity for hydrogen production,
leading to a more sustainable supply of sodium nitrate.

4. Conclusions

We have demonstrated proof of concept for a new catalytic process
that might replace the current Solvay process, producing soda ash
(NazCOs3) in a more eco-friendly and sustainable manner. This catalytic
strategy utilizes NaNOs, CO,, and H; as starting raw materials. Unlike
the Solvay process, our catalytic process not only avoids CO3 emissions
but also does not produce any byproducts that could cause environ-
mental issues. Our laboratory-scale experiments demonstrated that a
short reaction time and mild reaction temperature are sufficient for the
complete conversion of NaNO3 into NaHCO3 and NH4HCOs, which is
advantageous for scaling up production. Additionally, the stability of the
HyRuO, catalyst offers a significant industrial advantage, highlighting
the robustness of the catalytic process. An important challenge in scaling
this newly discovered catalytic process for industrial use is the cost of
NaNOj and Hy. However, this cost can be partially offset by the value of
the ammonia compounds produced from nitrate hydrogenation and by
utilizing hydrogen generated from surplus renewable electricity.
Furthermore, the use of salt brine and nitric acid waste as starting re-
agents enhances the economic viability of this catalytic approach.

The proposed technology, based on the catalytic reaction, offers a
novel route for reducing the substantial CO, emissions associated with
the calcination of CaCOs in the Solvay process. More importantly, this
catalytic approach not only provides an innovative, breakthrough, and
eco-friendly soda ash production process but also represents a signifi-
cant step forward toward the global carbon neutrality target. Conse-
quently, our catalytic process, which does not use CaCO3, can be an
alternative to the current Solvay process.
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