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A B S T R A C T

Supercritical carbon dioxide (SC-CO2) is a promising non-thermal technology for pasteurizing fruit juice and 
liquid products, assuring microbial stabilization with minimal impact on quality. A key factor influencing its 
efficacy is the solubility of CO2 in the juice matrix. In this study, a predictive model for CO2 solubility was 
developed using a factorial experimental design with additional points, evaluating five variables: pressure 
(10–14 MPa), temperature (35–45 ◦C), glucose (0–15 g/100 mL), sodium chloride (0–3 g/100 mL), and citric acid 
(0–6 g/100 mL). A total of 21 experimental conditions were tested with model solutions replicating typical fruit 
juices composition. CO2 solubility was measured using a high-pressure system with validated sampling protocol. 
Values ranged from 3.832 to 5.730 gCO2/100 g. The resulting linear regression model (R2 = 0.897; RMSE =
0.148 gCO2/100 g), identified glucose and sodium chloride as significant negative factors affecting solubility, 
while citric acid was excluded from the model due to its lack of significant impact. The model was validated on 
eight real fruit and vegetable juices, with CO₂ solubility predictions based on ◦Brix and ash content as proxies for 
glucose and salt. Validation showed good agreement with measured values, yielding a mean absolute error of 
0.141 g CO2/100 g and an R2 of 0.85 calculated on the mean of three replicates per sample. These results confirm 
the model’s accuracy and practical applicability, supporting its use in process design and optimization for SC-CO2 
pasteurization. This study contributes to a better understanding of CO2 behavior in real juice matrices and 
provides a practical tool for tailoring SC-CO2 processes based on juice composition.

1. Introduction

The popularity of natural fruit and vegetable juices, valued for their 
health-promoting bioactive compounds, continues to grow as consumers 
become increasingly aware of the link between diet and well-being. 
However, conventional preservation methods, primarily thermal 
pasteurization techniques such as high-temperature short time (HTST) 
and ultra-high temperature (UHT) processing, often compromise the 
quality of these beverages. While effective in ensuring microbial safety 
and enzyme inactivation, these treatments can degrade heat-sensitive 
nutrients, alter sensory characteristics, and introduce undesirable fla
vors (Silva et al., 2020). As a result, there is growing interest in 
non-thermal preservation technologies that can better maintain the 
fresh-like qualities of juices while meeting food safety standards (Liossi 
et al., 2024; Roobab et al., 2021), including pulsed electric fields (PEF), 
high-pressure processing (HPP), ultraviolet (UV) treatment, sonication, 
and ozone processing (Aghajanzadeh, 2021). Among the most promising 
of these alternatives is high-pressure carbon dioxide (HPCD) processing, 

particularly under supercritical conditions (SC-CO2), which has shown 
significant potential for the pasteurization of liquid foods. SC-CO2 
treatments are typically performed at moderate temperatures 
(35–55 ◦C) and pressures (8–60 MPa), leveraging the unique diffusivity 
and solvating properties of CO2 above its critical point (31.1 ◦C, 
7.38 MPa) (Pimenta et al., 2024; Silva et al., 2020; Veiga et al., 2024). 
Different studies have demonstrated that SC-CO2 can effectively reduce 
microbial loads by more than 5 log CFU/mL in a variety of juice 
matrices, while better preserving nutritional and sensory attributes 
compared to conventional methods (Liossi et al., 2024; Veiga et al., 
2024). Investigations in products such as pomegranate juice (Bertolini 
et al., 2020), cloudy apple juice (Marszałek et al., 2018), and 
freshly-extracted apple juice (Manzocco et al., 2017) have confirmed its 
potential to inactivate spoilage enzymes (e.g., PPO, POD), stabilize mi
crobial populations during storage, and retain desirable flavor and 
nutrient profiles of fruit juices. This aligns with the current consumer 
trend toward minimally processed, “clean-label” products (Roobab 
et al., 2021).
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The effectiveness of SC-CO2 treatments depends on a complex 
interplay of process parameters and product characteristics. Key oper
ational variables include pressure, temperature, treatment time, and 
CO2 dosage (Roobab et al., 2021; Silva et al., 2020). Equally important is 
the solubility of CO2 in the liquid matrix, which governs mass transfer, 
the formation of carbonic acid, and ultimately the disruption of micro
bial membranes and internal homeostasis (Ferrentino et al., 2010a; Ill
era et al., 2019; Veiga et al., 2024). The mechanism of microbial 
inactivation is primarily attributed to pH reduction, increased mem
brane permeability, and CO2’s interactions with both lipophilic and 
hydrophilic cellular components (Veiga et al., 2024). Thus, CO2 solu
bility is not only central to microbial inactivation but also a critical 
parameter for the optimization and scale-up of SC-CO2 processes (Calix 
et al., 2008; Ferrentino et al., 2010b).

CO2 solubility is influenced by external conditions such as pressure 
and temperature, as well as by the composition of the juice matrix. 
System agitation can further enhance dissolution by accelerating mass 
transfer (Ferrentino et al., 2016). Despite its importance, limited 
research has addressed CO2 solubility in complex liquid foods such as 
fruit and vegetable juices. Theoretical and thermodynamic models have 
been employed to predict CO2 solubility in liquid food systems. Illera 
et al. (2019) successfully extended Chrastil’s model to account for sugar 
concentration in sugar solutions, demonstrating that sugar content in
troduces a significant solubility reduction term. Their work highlights 
the potential of semi-empirical models to incorporate compositional 
effects relevant to juice matrices, but their model lacks a good fit when 
applied to real fruit juices, likely due to minor compounds not consid
ered in the model. In addition, thermodynamic modeling approaches 
based on equations of state have also been applied to model CO2 solu
bility in liquid food systems. Ferrentino et al. (2010) employed the 
Peng-Robinson equation of state combined with appropriate mixing 
rules and activity coefficient models to predict CO2 solubility in model 
solutions resembling apple juice. This method considers the interactions 
between CO2 and the different solutes present, allowing for more ac
curate predictions across varying pressures, temperatures, and compo
sitions. While such models provide valuable insights for process design 
and scale-up, they often require detailed knowledge of the solution 
composition and careful parameter calibration to ensure accuracy when 
applied to real food matrices.

The objective of this study is to develop a new empirical model that 
simultaneously accounts for key process variables (pressure, tempera
ture) and major compositional factors (glucose, sodium chloride, citric 
acid), using a factorial experimental design. By validating the model on 
a range of real commercial juices, this work aims to provide an acces
sible predictive tool to support the optimization and scale-up of super
critical CO2 pasteurization processes, ultimately helping industry 
maintain product quality while ensuring safety.

2. Materials and methods

2.1. Model solutions

To emulate the ideal composition of fruit juices and evaluate its 
impact on CO2 solubility, a series of complex solutions was prepared. 
The principal solutes present in fruit juices (sugars, acids, and salts) were 
each represented by a single compound. Milli-Q water was used as the 
solvent, and the concentration ranges chosen to reflect the typical upper 
limits found in natural fruit juices (Huang et al., 2009; Penniston et al., 
2008; Schulz and Baranska, 2009). Specifically, D(+)-Glucose anhy
drous (Pharma grade, PanReac AppliChem) represented sugars at con
centrations between 0 and 15 g/100 mL; Citric Acid Monohydrate (FU 
grade, A.C.E.F.) represented organic acids at concentrations from 0 to 
6 g/100 mL; and Sodium Chloride (NaCl) (ACS, ISO grade, PanReac 
AppliChem) represented salts at concentrations ranging from 0 to 
3 g/100 mL.

Experimental conditions were defined using a half-factorial design of 

experiments (DoE) with five factors (glucose, citric acid, sodium chlo
ride, pressure, and temperature), plus a central point to evaluate main 
effects through a multiple linear regression. To improve model perfor
mance and extend the experimental space, four additional single- 
replicate points were included. In total, 21 experimental conditions 
were tested, as summarized in Table 1. All the conditions planned ac
cording to the DoE were tested in triplicate to assess variability and 
reproducibility. The solubility of CO2 was experimentally determined 
for each condition to assess the individual effects of the selected vari
ables on CO2 solubility in complex aqueous matrices. Glucose and so
dium chloride were selected as representative components to align with 
previous CO2 solubility studies (Ferrentino et al., 2010b; Illera et al., 
2019), facilitating direct comparison with existing data.

2.2. Real fruit juices solubility and characterization

In addition to the model solutions, eight fruit and vegetable juice 
samples were analyzed to validate the solubility model in real matrices. 
The tested samples included three orange juices (two from concentrate 
and one not from concentrate), one grape juice from extract, one apple 
juice, one carrot juice from extract, one lemon juice, and one tomato 
juice from extract. These juices were characterized in terms of ash 
content (%), ◦Brix, electrical conductivity (EC), pH, and acidity (citric 
acid equivalent). Their measured CO2 solubility values are also reported. 
All data are presented in Table 2. Prior to the solubility tests and all 
characterization analyses, all juice samples were filtered using 30 μm 
paper filters (Filter papers grade 4, Whatman) to remove suspended 
solids.

The physicochemical characterization of the fruit juices was per
formed by determining the soluble solids content (expressed in degrees 
Brix, ◦Brix), pH, electrical conductivity (EC), ash content, and titratable 
acidity (expressed as citric acid equivalent). The ◦Brix value, which 
primarily reflects the concentration of soluble sugars in the juice, was 
measured by refractometry using a MyBrix handheld digital refractom
eter (Mettler Toledo, Switzerland), following the AOAC guidelines 
(Official Methods of Analysis of AOAC INTERNATIONAL, 2016). The pH 
and EC were measured using an Eutech PC 700 multiparameter meter 
(Thermo Fisher Scientific, USA), according to AOAC Official Methods, 

Table 1 
Experimental conditions used for CO2 solubility measurements in model solu
tions, based on a half-factorial design and additional points. The tested variables 
include temperature (T), pressure (P), glucose, NaCl, and citric acid concen
trations. Solubility is expressed as grams of CO2 per 100 g of solution ± s.d. of 
three independent replicates.

T 
(◦C)

P 
(MPa)

Glucose (g/ 
100 mL)

NaCl 
(g/ 
100 mL)

Citric Acid 
(g/100 mL)

CO2 Solubility (g 
CO2/100 g) 
(n ¼ 3)

35 10.0 5 1 6 4.840 ± 0.150
35 10.0 5 3 2 4.586 ± 0.062
35 10.0 15 1 2 4.298 ± 0.058
35 10.0 15 3 6 3.832 ± 0.061
35 14.0 5 1 2 5.129 ± 0.112
35 14.0 5 3 6 4.644 ± 0.124
35 14.0 15 1 6 4.226 ± 0.078
35 14.0 15 3 2 3.873 ± 0.169
40 12.0 10 2 4 4.288 ± 0.123
45 10.0 5 1 2 4.483 ± 0.006
45 10.0 5 3 6 4.172 ± 0.124
45 10.0 15 1 6 3.988 ± 0.236
45 10.0 15 3 2 3.618 ± 0.317
45 14.0 5 1 6 4.695 ± 0.051
45 14.0 5 3 2 4.280 ± 0.112
45 14.0 15 1 2 4.155 ± 0.126
45 14.0 15 3 6 3.866 ± 0.048
35 10.0 0 0 0 5.730 (n = 1)
35 10.0 10 0 0 4.868 (n = 1)
45 10.0 0 0 0 5.468 (n = 1)
45 10.0 10 0 0 4.578 (n = 1)
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(AOAC INTERNATIONAL, 2016a, 2016b). pH was recorded as the direct 
reading from the instrument, while EC was expressed in mS/cm. Ash 
content was determined following AOAC Official Method (AOAC IN
TERNATIONAL, 2016c). Briefly, samples were first carbonized on a 
hotplate at 400 ◦C, then incinerated in a muffle furnace at 550 ◦C for 4 h. 
Ash content was reported as % w/w. Titratable acidity was assessed in 
triplicate by titrating 5-mL aliquots of degassed juice with 0.1 N NaOH 
to a phenolphthalein endpoint, and the result was expressed as % citric 
acid (w/v), following the method described by Sadler & Murphy (Sadler 
and Murphy, 2010). All measurements were carried out at room tem
perature (20 ± 1 ◦C), without any additional pre-treatment of the 
samples, as all analyses were conducted directly using instrumental 
methods.

2.3. CO2 solubility measurement

2.3.1. Apparatus
A schematic representation of the experimental setup is shown in 

Fig. 1. The system consists of a high-pressure HPLC pump (Gilson 307), a 
50-mL stainless steel vessel (Separex Cell SC400, Separex S.A.S.), and a 
2-mL stainless steel sampling tube. The vessel is equipped with a heating 
jacket connected to a Julabo ME thermostatic bath for temperature 

control. Temperature was monitored with a digital thermometer (DTM- 
305B, TECPEL Co., Ltd) inserted into the vessel for direct measurement 
of the liquid sample temperature. An internal impeller provides agita
tion at a controlled stirring rate. The vessel includes dedicated ports for 
CO2 inlet and outlet (from the top) and for liquid-phase sampling (from 
the bottom). System pressure is monitored using the built-in gauge on 
the HPLC pump. For CO2 quantification, a secondary stainless steel 
expansion vessel was used. This pressure cell was calibrated by filling it 
with distilled water and weighing it when full and empty at 20 ◦C to 
determine its internal volume of 321.5 mL. The cell was equipped with a 
Keller LEO 2 digital pressure gauge (Keller AG für Druckmesstechnik, 
Switzerland), capable of measuring absolute pressure with a resolution 
of 0.1 KPa. A vacuum ejector was used to evacuate the expansion cell to 
10.0 KPa (absolute) before each measurement. A precision balance (PS 
600.R2, RADWAG; ±0.001 g) was used to determine the sample mass.

2.3.2. Solubility measurement procedure
The procedure was adapted from Zhao et al. (Zhao et al., 2015). 

Degassed aqueous solutions (20 mL), prepared as described in 2.2, were 
loaded into the extraction vessel. After sealing, gaseous CO2 was intro
duced to purge air from the headspace. The system was then heated to 
the target temperature using the thermostatic bath. Once thermal 
equilibrium was reached, liquid CO2 was pumped into the vessel until 
the desired pressure was achieved. The sample was stirred at 175 rev
olutions per minute (rpm) using the internal impeller. Equilibrium was 

Table 2 
Physicochemical properties (ash, ◦Brix, electrical conductivity, pH, and titratable acidity as citric acid equivalent) and experimentally measured CO2 solubility of eight 
fruit and vegetable juices. Values are expressed as mean ± s.d. from three independent replicates. CO2 solubility is given as grams of CO2 per 100 g of juice.

Sample Description Ash 
(%)

Brix 
(◦Bx)

EC 
(mS/ 
cm)

pH Citric Acid Equivalent (g/ 
100 g)

Measured 
CO2 Solubility 
(g CO2/100 g)

Predicted 
CO2 

Solubility 
(g CO2/100 g)

Grape juice from extract 
(Luisa variety)

0.40 18.4 2.28 3.70 ± 0.04 0.33 ± 0.01 4.420 ± 0.224 4.139

Orange juice, not from concentrate 
(PAM "I Tesori") (ORANGE C) 0.26 12.8 3.28 3.20 ± 0.00 1.32 ± 0.00 4.568 ± 0.058 4.548

Apple juice, not from concentrate 
(PAM "I Tesori") 0.19 11.8 2.39 3.54 ± 0.00 0.50 ± 0.02 4.632 ± 0.134 4.630

Orange juice from concentrate (PAM) (ORANGE A) 0.36 11.2 4.50 3.83 ± 0.00 0.89 ± 0.01 4.646 ± 0.123 4.635
Orange juice from concentrate (Sterilgarda) (ORANGE 

B)
0.43 11.9 4.64 3.88 ± 0.00 0.86 ± 0.00 4.677 ± 0.107 4.573

Carrot juice from extract 0.65 10.4 7.40 6.62 ± 0.02 0.34 ± 0.21 4.903 ± 0.213 4.628
Lemon juice (Limonlì) 0.38 8.5 5.92 2.40 ± 0.00 6.30 ± 0.07 5.137 ± 0.154 4.814
Tomato juice from extract 0.38 3.5 5.08 4.29 ± 0.01 0.41 ± 0.02 5.378 ± 0.167 5.152

Fig. 1. Schematic Diagram of the CO2 Solubility Measurement Setup; Sche
matic representation of the high-pressure apparatus used for CO2 solubility 
determination. (A) CO2 cylinder; (B) manual shut-off valve; (C) pump; (D) 
pressure gauge; (E) 50-mL stainless steel vessel with double-jacketed walls for 
thermal regulation via an external thermostatic bath; (F) temperature probe; 
(G) internal impeller for sample stirring; (H-I) outlet valves; (L) 2-mL stainless 
steel sampling tube. The system allows for precise control of pressure, tem
perature, and agitation, ensuring reliable equilibrium solubility measurements.

Fig. 2. Kinetics of CO2 Solubilization in pure water; CO2 uptake kinetics in 
Milli-Q water under 10.0 MPa and 35 ◦C. Equilibrium was reached after 
approximately 25 min of stirring at 175 rpm, beyond which solubility values 
stabilized near 5.75 g CO2/100 g H2O. Experimental data (blue dots) closely 
match literature values reported by Dodds et al. (Dodds et al., 1956) (dotted 
orange line), validating the solubility measurement procedure.
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reached within 25 min, as shown in Fig. 2. Prior to sampling, a small 
amount of liquid was discarded to purge the sampling line. The 2-mL 
stainless steel sampling tube was first evacuated to 10.0 KPa (abso
lute), then connected to the vessel for the sample withdrawal. During 
sampling, any pressure drop was compensated by pumping additional 
CO2 at ~20 mL⋅min⁻¹, maintaining fluctuations within ± 0.01 MPa of 
the set point. Given the short sampling time (less than 10 s), disturbance 
of the liquid-gas equilibrium was considered negligible. The sampling 
tube was then disconnected and weighed on a precision balance. The 
sample mass was determined by the difference in tube weight before and 
after sampling. The tube was subsequently connected to the expansion 
vessel (321.5 mL). The pressure cell had been evacuated to 10.0 KPa 
(abs) using a vacuum ejector prior to expansion.

Upon opening the tube, the dissolved CO2 was released into the 
vacuum. The increase in pressure (ΔP) within the expansion cell was 
recorded using the Keller LEO 2 pressure gauge. Assuming ideal gas 
behavior, the number of moles of CO2 was calculated using the equation 
n = ΔP⋅V

R⋅T , where ΔP is the pressure increase (Pa), V the expansion vessel 
volume (321.5 mL), T the absolute temperature during expansion (K), 
and R the universal gas constant (8.314 J⋅mol⁻¹⋅K⁻¹). The corresponding 
CO2 mass was obtained by multiplying the moles by the molar mass of 
CO2 (44.01 g⋅mol⁻¹). Solubility was expressed as the ratio of released 
CO2 mass to the total sample mass (gCO2/100 g solution).

3. Results and discussion

3.1. Solubility method validation

The solubility measurement procedure was validated by assessing 
both the equilibrium time and the agreement of results with established 
literature values. To determine the minimum time required to reach 
equilibrium, CO2 uptake in Milli-Q water was monitored at 10.0 MPa 
and 35◦C over a 50-minute period. As shown in Fig. 2, the solubility 
values stabilized after approximately 25 min of agitation, indicating that 
equilibrium had been achieved. This equilibration time was therefore 
adopted for all subsequent measurements. To further confirm the 
method’s accuracy, the solubility of CO2 in Milli-Q water under the same 
conditions was compared with literature data. The experimentally 
determined value of 5.75 ± 0.06 g CO2/100 g H2O closely matched the 
reference value of 5.718 g CO2/100 g H2O reported by Dodds et al. 
(Dodds et al., 1956), demonstrating the reliability of the analytical 
procedure.

3.2. CO2 solubility model as a function of composition and process 
conditions

The solubility of CO2 was experimentally assessed under 21 different 
conditions defined by a half-factorial design of experiments with addi
tional points, combining five variables (temperature, pressure, glucose 
concentration, sodium chloride concentration, and citric acid concen
tration) representative of typical fruit juice matrices (Table 2). The 
resulting data were fitted to a multiple linear regression model with 
backward elimination of non-significant terms (α = 0.05), yielding the 
Eq. (1) with an R2 value of 0.897 and an RMSE of 0.148 gCO2/100 g.  

The Pareto chart of standardized effects (Fig. 3) highlights the 
dominant role of glucose concentration, followed by sodium chloride 

concentration, temperature, and pressure, confirming the significant 
impact of compositional factors within typical fruit juice concentration 
ranges. Notably, citric acid content did not exert a statistically signifi
cant effect on CO2 solubility. These results are consistent with the range 
of solubility reductions reported by Ferrentino et al. (2010b), who 
observed approximately a 20 % decrease in CO2 solubility when glucose 
was added at concentration of 12 g/100 mL, compared to pure water, in 
a pressure range from 75 to 150 bar and 40◦C, confirming the major role 
of sugars in lowering CO2 solubility. They also reported a significant 
reduction in solubility of around 7 % when NaCl was added at 
1 g/100 mL, with no significative effect from the addition of citric or 
malic acids. Similarly, Illera et al. (2019) observed decreasing CO2 sol
ubility with sugar content in both model solutions and real juices, using 
concentrations up to 5 % w/w. They found a negative effect of 
approximately 0.05 gCO2/100 g per degree Brix, with Brix used as a 
practical proxy for total sugar content, approximately equivalent to 1 g 
of glucose per 100 mL in their model solutions. Citric acid was again 
found to have no significant impact within their experimental range. 
Our measured solubility values aligns well with these previous findings, 
further supporting the strong impact of glucose and sodium chloride 
concentrations and the negligible role of organic acids such as citric 
acid. The observed pressure and temperature effects also align with the 
established thermodynamic principles and earlier reports in the field of 
chemical engineering (Duan and Sun, 2003; Liu et al., 2011; Yan et al., 
2011; Zhao et al., 2015), confirming that CO2 solubility increases with 
pressure and decreases with temperature. The salting-out effect of so
dium chloride, well-known to reduce gas solubility, was also clearly 
evident. To the best of our knowledge, this is the first study to simul
taneously evaluate the combined effect of five variables, including 
process and compositional parameters, on CO2 solubility in aqueous 
matrices representative of fruit juices. The resulting model offers a 
robust framework for predicting solubility in complex systems and 
provides valuable insights for food and beverage carbonation processes.

3.3. Validation of the solubility model on real juices

To assess the applicability of the developed model to real matrices, 
CO2 solubility was measured in eight fruit and vegetable juices under 
fixed conditions (10.0 MPa, 35 ◦C). These included a variety of products 

Fig. 3. Effect of Process and Matrix Variables on CO2 Solubility. Standardized 
Pareto chart from the factorial design model showing the relative influence of 
compositional and process variables on CO2 solubility. Glucose concentration 
emerged as the most significant factor, followed by NaCl concentration, tem
perature, and pressure. Citric acid (grey bar) did not reach statistical signifi
cance in the backward stepwise elimination procedure (α = 0.05) and was 
therefore excluded from the final model.

CO2sol.(g/100g) = 6.122 − 0.02670 T+0.00282 P − 0.06772Glucose − 0.2107NaCl (1) 
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differing in composition, such as orange, grape, apple, lemon, carrot, 
and tomato juices. Prior to analysis, all juice samples were filtered using 
30 μm paper filters (Filter papers grade 4, Whatman) to remove sus
pended solids and ensure consistency across solubility and character
ization tests. The juices were characterized for ◦Brix, ash content, 
titratable acidity (as citric acid equivalent), electrical conductivity, and 
pH. Table 2 displays the corresponding measured and predicted solu
bility values.

As illustrated in Fig. 4a, CO2 solubility varied considerably across 
samples, ranging from 4.41 g CO2/100 g in grape juice to 5.43 g CO2/ 
100 g in tomato juice from extract. A strong negative correlation 
(Pearson correlation = − 0.93) was observed between ◦Brix and CO2 
solubility (Fig. 4b), with grape juice exhibiting the highest ◦Brix (18.4◦) 
and the lowest solubility, and tomato juice showing the lowest ◦Brix 
(3.5◦) and the highest solubility. These results are consistent with the 
inhibitory effect of glucose on CO2 solubility, as identified in the model. 
To apply the model to real juices, ◦Brix was used to extimate glucose 
concentration and ash percentage to approximate sodium chloride 
concentration. While ash content and Brix◦ serves as a practical proxy 
for total salts and total sugars, they do not fully capture the variability in 
salt and sugar composition among different juices, which may introduce 
additional prediction error. Despite these simplifications, predicted CO2 
solubility values closely matched the experimental data, supporting the 
robustness and practical relevance of the model in predicting solubility 
behavior in complex, real-world matrices.

To further illustrate the model’s predictive performance, Fig. 5
compares predicted and experimental CO2 solubility values for both 
model solutions and commercial juices in a single scatter plot. The re
sults show good agreement across the entire range of measured values, 

with most points close to the 1:1 reference line. For fruit juices, model 
predictions based on ◦Brix and ash content showed a mean absolute 
error of 0.141 g CO2/100 g, and a R2 of 0.85 based on the average of 
three independent replicates, demonstrating the practical applicability 
of the approach even in complex matrices.

4. Conclusions

This study developed and validated an empirical model to predict 
CO2 solubility in complex aqueous matrices representative of fruit and 
vegetable juices. The resulting linear model captured the effects of 
temperature, pressure, glucose, and sodium chloride concentrations 
with a coefficient of determination (R2) of 0.897 and RMSE of 0.148 
gCO2/100 g, demonstrating good predictive capability within the design 
space. Results confirmed that compositional factors considered, glucose 
and NaCl concentrations, have statistically significant negative effects, 
with solubility decreasing by 0.067 and 0.211 gCO2/100 g per gram of 
glucose and NaCl per 100 mL, respectively. Pressure had a positive effect 
of 0.0029 gCO2/100 g per bar, while temperature showed a negative 
impact of 0.026 gCO2/100 g per ◦C. Citric acid showed no significant 
effect on CO2 solubility and was therefore excluded from the model, 
consistent with previous studies (Ferrentino et al., 2010b; Illera et al., 
2019) that reported its limited impact in model juice solutions. The 
model was further validated on commercial juice samples, achieving a 
mean absolute error of 0.141 gCO2/100 g and an R2 of 0.85 calculated 
on the mean of three replicate measurements per sample (Fig. 5), 
demonstrating its practical applicability despite the complexity of real 
matrices.

However, a limitation of this study is its reliance on selected repre
sentative compounds (glucose, citric acid, NaCl), which may not capture 
the effects of minor juice constituents or variability across different fruit 
types. For example, unmodeled components such as fibers, pectins, or 
polyphenols might influence CO2 solubility through viscosity changes or 
specific interactions. In addition, the linear approach may not account 
for potential nonlinear or interaction effects. Future work should focus 
on extending the model to include additional compositional variables, 
exploring nonlinear modeling strategies, and validating predictions over 
a broader range of commercial juice formulations. There is also potential 
to investigate the correlation between CO2 solubility and microbial 
inactivation kinetics of different microbial strains, since solubility gov
erns the amount of dissolved CO2 available to disrupt cell membranes 
and acidify the medium, thereby affecting microbial safety. Further
more, studying CO2 solubility in lipid or fat-rich phases would help 

Fig. 4. CO2 Solubility and ◦Brix of fruit and vegetables Juices.; (A) Experi
mental CO2 solubility in eight fruit and vegetable juices measured at 10.0 MPa 
and 35 ◦C. Solubility values range from 4.41 to 5.43 g CO2/100 g, with tomato 
and grape juices showing the highest and lowest levels, respectively. (B) ◦Brix 
values for the same samples reveal an inverse relationship with CO2 solubility 
(Pearson correlation = − 0.93), confirming the negative effect of glucose con
tent on gas solubility.

Fig. 5. Predicted versus experimental mean CO2 solubility (gCO2/100 g) for 
model solutions (blue circles) and commercial fruit and vegetable juices (red 
squares).; The dashed line indicates perfect agreement (y = x). Predicted values 
for real juices were obtained using ◦Brix, ash content (%) as proxies for glucose 
and sodium chloride, respectively. The plot illustrates the model’s ability to 
predict CO2 solubility in both model solutions and three replicates average of 
real-juices matrices.
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better understand its behavior in solid or semi-solid food matrices, 
supporting process design for a wider range of food products. Moreover, 
the relevance of these parameters extends beyond solubility modeling to 
the actual effectiveness of SC- CO2 pasteurization processes. Higher CO2 
solubility generally enhances microbial and enzymatic inactivation by 
promoting mass transfer into cells, lowering pH through carbonic acid 
formation, and disrupting cellular membranes (Silva et al., 2020; Veiga 
et al., 2024). Conversely, higher glucose and salt concentrations, shown 
here to reduce CO2 solubility, may limit these inactivation mechanisms 
in high-◦Brix or mineral-rich juices. This implies that such products 
might require adjustments in processing parameters, such as increased 
pressure, extended treatment time, or higher CO2-to-liquid ratios, to 
achieve equivalent pasteurization outcomes. Therefore, the developed 
model offers not only a predictive tool for CO2 solubility but also valu
able guidance for anticipating and optimizing microbial and enzymatic 
inactivation in industrial SC-CO2 pasteurization of diverse juice 
formulations.
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