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Physical absorption is a well-established and highly effective technique for carbon dioxide removal, particularly for the separation of CO2 from industrial gas streams. In recent years, increasing attention has been directed to the development of sustainable alternatives to conventional physical solvents, motivated by the need to reduce their environmental and health impacts. Within this framework, Dihydrolevoglucosenone (commercially known as Cyrene), a biodegradable, non-mutagenic and non-toxic solvent derived from renewable biomass resources, has attracted growing interest as a potential bio-based alternative. Its physicochemical properties are comparable to those of N-Methyl-2-Pyrrolidone (NMP), the solvent employed in the Purisol® process, making Cyrene a promising candidate for physical absorption for CO2 removal applications. Despite this potential, experimental data on the solubility of CO2 in Cyrene are still limited not allowing a comprehensive evaluation of the solvent performance across the temperature range typically encountered in industrial absorption processes. Therefore, the present study aims to provide new measurements of CO2 solubility in Cyrene at 323.15 K, 333.15 K and 353.15 K, obtained by employing the solubility unit installed at the Process Thermodynamics laboratory (PT lab) of Politecnico di Milano. The reliability of the experimental procedure is supported by the prior validation of the solubility unit using MonoEthanolAmine (MEA), for which the measured solubility values have been found to be in good agreement with data reported in the literature.
Introduction
The presence of CO2 in industrial gas streams, such as natural gas and syngas, can adversely affect process efficiency, equipment integrity and product quality, making its removal a critical requirement in several industrial applications (He et al., 2025; Zhai et al., 2025). As a consequence, the development of effective technologies for CO2 removal and mitigation have become a central objective in the transition toward low-carbon and sustainable industrial systems (Wang et al., 2025).
Among the various separation strategies currently available, physical absorption remains one of the most mature and widely applied approaches, particularly for gas streams characterized by moderate to high CO2 partial pressures (Ban et al., 2014). Physical absorption of CO2 occurs through its dissolution in a suitable solvent, a behaviour that is generally described by Henry’s law (Henry, 1803). The effectiveness of this mechanism increases under conditions of high pressure and relatively low operating temperatures (Mumford et al., 2015). Owing to the absence of strong chemical bonding between the solvent and CO2, solvent regeneration requires relatively low energy input and can be readily achieved by means of pressure reduction or inert gas stripping (Kohl and Nielsen, 1997). Additional advantages of physical solvents include good thermal stability and the potential for selective separation of different gas components (Olajire, 2010).
Despite these benefits, the use of conventional physical solvents is associated with several limitations related to environmental impact, safety and operational constraints (Burr and Lyddon, 2008; Jin et al., 2017). These drawbacks have motivated increasing research efforts toward the identification of alternative solvents derived from renewable resources, capable of offering comparable performance while reducing environmental impacts and addressing demanding process-related requirements (Samipour et al., 2020; De Guido et al., 2026). In this context, bio-based solvents have attracted growing interest, with Dihydrolevoglucosenone (commercially known as Cyrene) emerging as a promising candidate. Cyrene is produced through a sustainable two-step process involving the pyrolysis of cellulose-rich biomass to levoglucosenone, followed by its catalytic hydrogenation (Kong and Dolzhenko, 2022). Owing to its physicochemical properties, comparable to those of conventional dipolar aprotic solvents such as N-methyl-2-pyrrolidone (NMP), Cyrene has been proposed as a greener alternative for various solvent-based applications (Schiattarella et al., 2025; Sherwood et al., 2014).
However, despite its potential, the applicability of Cyrene as a physical solvent for CO2 absorption has not yet been thoroughly investigated. Thus far, only a very limited number of experimental CO2 solubility data are available in the open literature, with measurements reported by Kerleaux et al. (2022) at 313.15 K over a pressure range up to 4 MPa and a single point at 333.25 K and 4 MPa provided by Hajlaoui et al. (2023). The scarcity of reliable and comprehensive solubility data currently hinders a robust evaluation of Cyrene performance for CO2 removal processes.
In light of these limitations, the aim of the present work is to significantly expand the experimental database of CO2 solubility in Cyrene over a range of temperatures (313.15 K – 353.15 K) and pressures (up to 2.5 MPa) relevant to physical absorption processes. By providing new solubility measurements, this study aims to support a more accurate assessment of Cyrene as a sustainable, bio-based alternative to conventional physical solvents for CO2 removal applications.
[bookmark: _Ref221546999]Methodology
The Process Thermodynamics laboratory (PT lab) of Politecnico di Milano is an experimental facility developed within the framework of the “Ingegneria Chimica – Energia (ICE)” collaboration and is housed in Dipartimento di Chimica, Materiali e Ingegneria Chimica “Giulio Natta”. The PT lab is part of the wider PD&PT lab, under the coordination of the Group on Advanced Separation Processes and GAS Processing (GASP). It is equipped with specialized experimental setups for measuring vapor–liquid equilibria (VLE), vapor–liquid–liquid equilibria (VLLE) and liquid–liquid equilibria (LLE), as well as for investigating gas solubility and diffusivity in liquid phases (Barbieri et al., 2024a; Moioli, 2026). In addition, the laboratory enables the determination of key thermophysical properties, including density and viscosity, which are fundamental for the thorough characterization of novel systems (Barbieri et al., 2024b; Schiattarella et al., 2024).
The solubility apparatus employed in this study, with a design based on the experimental setup originally proposed by Bientinesi et al. (2016) and expanded to include the collection of data also for biphasic solvents, is primarily composed of three vessels, labelled D1, D2 and D3, as illustrated in Figure 1.
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[bookmark: _Ref218957739]Figure 1: Process flow diagram of the solubility unit installed at PT lab of Politecnico di Milano.
Vessel D1 functions as a gas storage reservoir and is directly connected to the CO2 and N2 supply lines. It is fitted with instrumentation for temperature and pressure monitoring, with the pressure range extending up to 5 MPa. Vessels D2 and D3 are connected to D1 through dedicated valves and they are housed within a steel tank featuring a removable cover, through which a thermal oil (Thermal H20S, supplied by JULABO GmbH, Germany) is circulated to maintain the desired operating temperature set by an external thermal bath. An overflow tank is integrated into the system to prevent flooding in the event of tubing obstruction, allowing excess oil to be safely discharged. Both the vessels D2 and D3 are equipped with a magnetic stirrer and instrumentation for temperature and pressure measurements. Vessel D2 is specifically designed for high-pressure operation, allowing measurements at pressures up to 5 MPa. Vessel D3 is intended for low-pressure applications, with a maximum operating pressure of 0.7 MPa and is particularly suitable for experiments involving biphasic solvent systems. All measured signals from the apparatus are acquired by a data-logging system and digitally recorded via dedicated software. Prior to each experiment, a vacuum pump is used to evacuate the system before solvent loading and again at the end of the test. In addition, a dedicated nitrogen line has been included to improve the efficiency of the depressurization procedure, minimizing further CO2 dissolution during venting operations and enabling inertization of the apparatus before each new experimental run.
Chemicals
Cyrene (CAS number 53716-82-8) with 99% purity has been purchased from Sigma Aldrich (Darmstadt, Germany) and stored under a nitrogen atmosphere to prevent oxidation. Carbon dioxide (grade 4.5) and nitrogen (grade BIP) used in the experiments have been supplied by Sapio Srl. 
Measurements
The acquisition of each experimental point follows a standardized procedure.
1. The entire apparatus is purged with nitrogen to ensure inert conditions. The thermostatic bath is, then, activated, first set to ambient temperature and subsequently adjusted to the desired operating temperature once fluid circulation has started.
2. The vessel D2 is evacuated to a pressure below 0.005 MPa and charged with a known mass of lean solvent, previously weighed under a nitrogen atmosphere. 
3. A second evacuation step is performed to remove residual air introduced with the solvent at low temperature (288.15 K), again reducing the pressure below 0.005 MPa. Once the operating temperature is reached, the vapor pressure of the lean solvent () is measured.
4. The vessel D1 is pressurized with CO2 up to a defined initial pressure. A portion of the gas is, then, transferred to D2 until pressure equalization between the two vessels is achieved. The number of moles of CO2 initially charged into D1 () and remaining after the transfer () are calculated using Eqs. (1) and (2), respectively, accounting for pressure (), vessel volume (), CO2 compressibility factors (), temperature () and universal gas constant (). 
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5. The amount of CO2 transferred to D2 () is obtained by difference (Eq. (3)).
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6. The system is then allowed to reach phase equilibrium, which is assumed when pressure () and temperature () in D2 remain stable for at least four hours. At equilibrium, the moles of CO2 present in the vapor phase () of D2 are calculated from the equilibrium pressure and temperature using Eq. (4).
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7. The amount of CO2 absorbed by the solvent () is determined as the difference between the transferred CO2 and the vapor-phase CO2 at equilibrium (Eq. (5)).
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8. The equilibrium loading (), defined as the ratio between the moles of absorbed CO2 and the moles of solvent present in the liquid phase at equilibrium (), is calculated according to Eq. (6). The latter is obtained from the initial amount of solvent charged (), corrected for losses () occurring during evacuation (Eq. (7)). 
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9. The partial pressure of CO2 () is finally evaluated as the difference between the equilibrium pressure in D2 () and the vapor pressure of the lean solvent (Eq. (8)).
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10. After equilibrium is reached, both vapor and liquid phases are discharged, nitrogen is flushed through the system to ensure complete emptying, the liquid phase is weighed and, when required, analysed further. 
11. As an additional validation, CO2 absorption is independently quantified through a material balance by comparing the mass of lean solvent initially introduced into D2 with that of the CO2-rich solvent recovered after equilibrium.
Several equations of state have been assessed for the evaluation of the CO2 compressibility factor (), including the Van der Waals, Redlich–Kwong (Redlich and Kwong, 1949), Soave–Redlich–Kwong (Soave, 1972), and Peng–Robinson (Peng and Robinson, 1976) models. In addition,  values have been estimated using a spline interpolation based on experimental CO2 compressibility data from Perry and Green (Perry, 1950), as reported in the work by Bientinesi et al. (2016). Among these approaches, the Peng–Robinson EoS has been selected, as it has been demonstrated to accurately describe the gaseous phase of CO2 and to yield the most reliable predictions of CO2 partial pressures when compared with experimental data (Hosseini Jenab et al., 2005; Böttcher et al., 2012; Moioli, 2026; Moioli and Schiattarella, 2025). During the solubility measurements, pressure, temperature and loading (P, T, α) have been experimentally determined and the corresponding expanded uncertainties (UC) for each variable have been evaluated according to the methodology described by Taylor and Kuyatt (1994). A detailed description of the procedure applied for uncertainty estimation in solubility measurements is provided in the work by Schiattarella et al. (2026).
Results
The solubility of CO2 in Cyrene has been only limitedly investigated, with the work of Kerleaux et al. (2022) representing the only reference available in the literature. For this reason, their measurements have been first reproduced in the present study in order to assess the reliability of the experimental setup and to establish a meaningful comparison (Figure 2a). The results obtained at the PT lab are in good qualitative agreement with the previously published data, as they display the same monotonic increase of solubility with pressure. Nonetheless, minor deviations between the two datasets are observed, particularly at higher CO2 partial pressures. These differences are most likely related to the experimental techniques adopted in the respective studies: the solubility unit described in Section 2 has been employed in the present study, whereas Kerleaux et al. (2022) used a calorimetric technique to obtain data points at pressures up to 3.5 MPa and IR spectroscopy for the measurement at 4 MPa. Additional information on CO2 solubility in Cyrene has also been provided by Hajlaoui et al. (2023), who reported a single point at 333.15 K and 4 MPa. Although the experimental apparatus used in this study is not designed to operate at such high pressures, new measurements have been performed at 333.15 K in the pressure range between 0.2 and 2 MPa to extend the dataset at this temperature. Furthermore, in order to close the temperature gap between the available literature data, solubility measurements have also been conducted at 323.15 K. To extend the analysis to conditions relevant for solvent regeneration in physical absorption processes, additional experiments have been carried out at 353.15 K. The complete set of data collected at 323.15, 333.15 and 353.15 K is presented in Figure 2b, while the corresponding numerical values are reported in Table 1.
[bookmark: _Ref218755242]Table 1: Experimental CO2 solubility data in Cyrene collected at the PT lab of Politecnico di Milano at 313.15 K, 323.15 K, 333.15 K and 353.15 K.
	P [MPa]
	 
	α []
	P [MPa]
	
	α []

	
	T=313.15 K
	
	
	T=323.15 K
	

	0.414
	0.058648
	0.062301
	0.613
	0.077731
	0.084282

	0.600
	0.084223
	0.091968
	1.032
	0.126062
	0.144246

	0.780
	0.108937
	0.122255
	1.299
	0.155208
	0.184408

	0.994
	0.138727
	0.161072
	1.663
	0.195223
	0.242580

	1.259
	0.167360
	0.200999
	2.116
	0.235160
	0.307464

	1.552
	0.205770
	0.259082
	
	T=353.15 K
	

	
	T=333.15 K
	
	0.321
	0.019609
	0.020014

	0.255
	0.025829
	0.027395
	0.531
	0.045780
	0.047977

	0.432
	0.050118
	0.052762
	0.958
	0.080218
	0.087214

	0.865
	0.098161
	0.108846
	1.442
	0.117011
	0.132518

	1.349
	0.147606
	0.173168
	1.738
	0.141441
	0.164770

	1.618
	0.174341
	0.211154
	2.051
	0.168124
	0.191039

	1.949
	0.205538
	0.258716
	2.379
	0.191628
	0.237098
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[bookmark: _Ref218758683]Figure 2: Experimental data of CO2 solubility in Cyrene. a) Comparison between the data at 313.15 K collected at PT lab () with the ones from Kerleaux et al. (2022) (); b) All the data collected at PT lab at 313.15 K (), 323.15 K (), 333.15 K () and 353.15 K (). For the data at 333.15 K: UC(T)=1.75 K, UC(P)=0.02 MPa, UC(α)=0.002. For the data at 353.15 K: UC(T)=1.78 K, UC(P)=0.03 MPa, UC(α)=0.009.
The experimental results clearly indicate that CO2 solubility in Cyrene decreases with increasing temperature and decreases at lower pressures. This behaviour is consistent with that expected for a physical absorption process, in which no chemical reaction occurs between the solvent and the gas. Accordingly, the measured solubilities exhibit a linear dependence on CO2 partial pressure at each investigated temperature, in agreement with Henry’s law.
Conclusions
Recent interest in sustainable CO2 removal has highlighted bio-based solvents, with Cyrene emerging as a promising candidate due to its renewable origin, low toxicity, non-mutagenicity and biodegradability. This work has expanded the limited experimental data on CO2 solubility in Cyrene, covering four temperatures (313.15 K, 323.15 K, 333.15 K and 353.15 K) and pressures up to 2.5 MPa. The results confirm the typical behaviour of physical solvents, with solubility increasing linearly with pressure and decreasing with temperature.
The new data provide a basis for further studies, including investigations at higher pressures and in hybrid solvent systems combining Cyrene with chemical solvents. They also allow the determination of binary interaction parameters, such as Henry’s law constants, for the CO2–Cyrene system, enabling reliable modelling of physical absorption processes. Finally, these measurements can serve also to validate predictive tools capable of estimating solubility beyond the experimental range, thus extending the available dataset for Cyrene.
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