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The combination of nanoporous materials with organic working fluids holds the promise of further enhancing the performance of refrigerants based thermodynamics cycles. In this study, the adsorption and desorption properties of several organic refrigerants, e.g., R1234yf, R134a, R32, and their mixtures in metal-organic framework materials MOF-5 and Co-MOF-74 are investigated via molecular dynamics methods. The results indicate that the adsorption capacity is inversely proportional to the temperature during the adsorption process, and the adsorption capacity of the R1234yf/R32 mixture (molar ratio 2:1) is higher than that of the corresponding pure working fluids. The desorption amount, desorption regeneration rate, and desorption heat are directly proportional to the temperature. The interactions between different molecular atoms in the mixed working fluids promote the desorption process.
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1 INTRODUCTION
Energy serves as the foundation for the development of modern society. And its utilization reflects the level of scientific and economic strength of a country (Carbon, 2021). Therefore, the energy crisis and environmental pollution have drawn a lot of attentions. Thus, enhancing the efficiency of fossil fuel utilization and enlarging the scale of renewable energy are proposed to maintain the sustainable development of the world (Chen et al., 2019; Xiao et al., 2022).
So far, the thermodynamic cycles are the main approach for energy conversion. Organic Rankine Cycle (ORC) uses organic refrigerants as working fluids to recover the low-grade energies, e.g., industrial waste heat, geothermal energy and solar energy, which have a very good application prospects (Vivian et al., 2015; Zhang et al., 2019; Miao et al., 2020; Wang et al., 2024). However, the efficiency of ORC is relatively low because of the low temperature of heating source. Since the working fluid plays as the energy carrier in the thermodynamic cycles, the properties optimization of organic refrigerants could result in the efficiency enhancement of ORC (Su et al., 2017; Wang et al., 2020; Li et al., 2022). One practical method is using the zeotropic mixture as working fluids, which have extensively reported (Wang et al., 2019; McLinden and Huber, 2020; Zhu et al., 2021). Besides, McGrail et al. (2013) proposed to use metal-organic frameworks (MOFs) to enhance the properties of refrigerants. This is the so called metal organic heat carriers (MOHCs). The adsorption energy is stored in MOFs at the condensation stage and then into thermal energy by desorbing the fluid molecules from MOFs during heating process.
MOFs are porous materials with periodic network structures formed by the self-assembly of metal ions or clusters and organic ligands through coordination (Kong et al., 2013). MOFs exhibit high specific surface area, large pore volume, and tunable structures, making them highly promising for applications in gas storage, heterogeneous catalysis, adsorption-based energy storage and other fields (Furukawa et al., 2013).
Qasem et al. (2018) investigated the adsorption of CO2 by MOF-5 and MOF-177 under pressures ranging from 5 to 50 bar. The results showed that MOFs could store more CO2 while consuming less energy compared to traditional storage systems. Wang et al. (2018) studied the adsorption and energy storage of R161 and similar refrigerants in MOF-5. It was found that fluorine atoms in the organic working pairs enhanced their adsorption in MOFs. Hu et al. (2018a), Hu et al. (2018b), Hu et al. (2019) investigated thermal energy storage properties of several refrigerants in MOF-74 and MOF-5. The results showed that the energy storage enhancement ratios of R1234yf, R1234ze and R134a with Mg-MOF-74 nanoparticles are higher than those of other M-MOF-74 (M = Co, Ni, Zn) materials.
In recent years, with the rapid development of computer technology, molecular simulation techniques have demonstrated their unique advantages in screening high-quality adsorbents for energy storage working pairs (Zhang et al., 2022; Lei et al., 2023). Currently, research on organic working pairs in nano-porous materials mostly focuses on the discussion of adsorption mechanisms and analysis of storage properties (Zhou et al., 2019; Li et al., 2020; Zheng et al., 2020; García et al., 2021). The reports on desorption processes and regeneration properties of MOHCs are few. Besides, for different heat source environments, there are multiple choices of working fluids for ORC. With the growing awareness of environmental protection, the fourth-generation refrigerants with low global warming potential (GWP) and zero ozone depletion potential (ODP) will gradually replace the existing third-generation refrigerants. Among them, R1234yf, R134a, R32 are currently the hot topics of research (Fouad and Vega, 2018; Liu et al., 2019). MOF-5 (Annapureddy et al., 2014), as a fundamental and classic MOF structure, exhibits good thermal stability and chemical stability at around 300°C, making it suitable for the application environment of low-grade energy in ORC systems. MOF-74 (Chaemchuen et al., 2018), being one of the MOFs with the highest unsaturated metal site density, can enhance its adsorption performance by adjusting the types of metal ions. Among the MOF-74 series, Co-MOF-74 stands out as the material with the maximum adsorption heat, gaining widespread attention.
Consequently, in this work, the metal-organic frameworks materials of MOF-5 and Co-MOF-74 are employed along with organic working fluids R32, R1234yf, R134a and their mixtures to form corresponding adsorption working pairs. Molecular dynamics simulations are conducted to investigate the desorption and regeneration behaviors of the organic working fluids within the MOFs. This work also aims to provide useful insight in adsorption refrigeration.
2 METHODOLOGY
2.1 Simulation models
This study simulated the adsorption and desorption regeneration processes of pure refrigerants (R1234yf, R134a, R32) and their mixtures (Table 1) within MOF-5 and Co-MOF-74.
TABLE 1 | The molar ratio of mixed refrigerants.
[image: Table 1]The spatial structures of MOF-5 (Fig. a) and Co-MOF-74 (Fig. b) were shown in Figure 1. The MOF-5 adopts a 2 × 2 × 2 supercell structure (X: 5.1664 nm, Y: 5.1664 nm, Z: 5.1664 nm). It consists of 1536 C atoms, 768 H atoms, 832 O atoms, and 256 Zn atoms. Besides, the Co-MOF-74 utilizes a 1 × 1 × 4 supercell structure (X: 2.6136 nm, Y: 2.6136 nm, Z: 2.7768 nm). It contains 288 C atoms, 72 H atoms, 216 O atoms, and 72 Co atoms. The atomic partial charges for the MOF materials were calculated by the Extended Charge Equilibration (EQeq) method (Wilmer et al., 2012). The interatomic interactions were described by the 12–6 Lennard-Jones (LJ) potential (Xu et al., 2019). Specific force field parameters were listed in Table 2.
[image: Figure 1]FIGURE 1 | Structures of MOFs: (A) MOF-5 2 × 2×2 supercell; (B) Co-MOF-74 1 × 1×4 supercell.
TABLE 2 | The force field parameters used for MOF-5 and Co-MOF-74.
[image: Table 2]The molecular structures of the three selected organic working fluids in this study are illustrated in Figure 2. A full atomistic force field model, proposed by Raabe and Maginn (Raabe and Maginn, 2010), was employed to investigate these organic working fluids. The potential energy of interparticle interactions can be described by Eq. 1:
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[image: Figure 2]FIGURE 2 | Spatial structures of R1234yf, R134a and R32.
Furthermore, the cutoff distance for intermolecular interactions was set to 12 Å. The non-bonded interaction parameters between different types of atoms were calculated by the Lorentz-Berthelot combination rules (Delhommelle and MilliÉ, 2001). The particle-particle/particle-mesh (PPPM) method (Hockney et al., 1974) was employed to calculate the long-range Coulomb interactions.
The initial model for adsorption simulation is shown in Figure 3A (R1234yf/MOF-5). The model consisted of a 2 × 2 × 2 supercell of MOF-5 and two liquid membrane of R1234yf. The simulation box size was X: 53.355 Å, Y: 53.355 Å, Z: 181.134 Å. Each liquid membrane consisted of 648 R1234yf molecules distributed on both sides of the simulation box with dimensions of X: 53.355 Å, Y: 53.355 Å and Z: 34.80 Å. The MOF-5 supercell was positioned in the center of the system along the Z direction and accounts for 25% mass fraction in the entire system. Periodic boundary conditions were applied in all three directions for the simulation box. The initial model for desorption regeneration was obtained by removing the unabsorbed working fluids outside the MOF from the model at the end of adsorption at 300 K, as shown in Figure 3B.
[image: Figure 3]FIGURE 3 | The initial model of adsorption and desorption of the R1234yf/MOF-5 working pair system. (A) adsorption; (B) desorption.
2.2 Simulation details
In this study, the molecular dynamics simulation processes were conducted by the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) (Plimpton, 1995). The visualization of the models and research processes were performed with the OVITO software (Alexander, 2010). The thermophysical data for the organic working fluids were obtained from the National Institute of Standards and Technology (NIST) (webbook). The entire simulation processes were carried out under the NVT canonical ensemble. And the adsorption temperatures were set at 300 K, 330 K, 360 K, and 390 K, and the desorption temperatures were set at 330 K, 360 K, and 390 K. The Berendsen thermostat method (Berendsen et al., 1984) was utilized to control the system temperature. The time step was set at 1 fs with adsorption and desorption simulations performed at each temperature for 5 ns. Atom information was output every 10,000 steps.
3 ANALYSIS OF THE ADSORPTION PROCESS
To validate the accuracy of the computational model utilized in this study, the adsorption capacity of R134a in MOF-5 was simulated. The adsorption capacity of R134a in MOF-5 at 330 K of present model is about 1.442 g/g while that of previous work (Liu et al., 2022) is about 1.405 g/g, yielding a relative error of 2.5%. Thus, the utilization of the computational model in investigating the adsorption and desorption processes of organic working fluids in metal-organic framework materials is deemed feasible in this study.
3.1 Adsorption capacity
The molecules of working fluid located in the region of MOFs are regarded as the adsorbed particles, which is used for calculating the adsorption capacities, madsorption, and its specific calculation formula (2) is as follows:
[image: image]
The adsorption capacities of pure working fluids, including R1234yf, R134a, R32, as well as their mixed counterparts in MOF-5, are statistically analyzed and are presented in Figure 4. The results show that a decrease in adsorption capacity with increasing temperature for both pure and mixed working fluids, which agree with previous related works (Hu et al., 2018a; Hu et al., 2018b; Hu et al., 2019; Liu et al., 2022). This can be attributed to the increase in thermodynamic energy of the working fluid and the enhancement of molecular thermal motion caused by temperature increase, leading to facilitating desorption of organic working fluids from the surface of porous materials. In terms of adsorption capacity for pure working fluids, the ranking order is R134a > R1234yf > R32.
[image: Figure 4]FIGURE 4 | Adsorption of pure working fluids and their mixtures in MOF-5. (A) pure working fluids, (B) R1234yf/R32, (C) R134a/R32.
And the analysis of adsorption data for mixed refrigerants reveals that in the adsorption of mixed refrigerants, the adsorption capacities of each component are lower than the pure refrigerants. This is attributed to the shared occupancy of the MOF-5 internal space by the mixed refrigerants. Among the three organic refrigerants, R1234yf and R134a have similar sizes, both larger than R32. The similar phenomenon is also can be found in Li et al. work (Li et al., 2020). Due to the smaller pore size of MOF-5, R1234yf and R134a occupy the majority of the adsorption sites, which results in a significant decrease in the adsorption capacity of R32. As the quantity of R1234yf and R134a increases, the decrease in the adsorption capacity of R32 becomes more pronounced. Additionally, the adsorption capacity of R1234yf in R1234yf/R32 is higher than that of R134a in R134a/R32, which is contrary to the results obtained for pure refrigerants. This is due to the stronger adsorption selectivity of R1234yf towards R32 compared to R134a during the adsorption of mixed refrigerants. The observation is further supported by the higher adsorption capacity of R32 in R134a/R32 compared to R1234yf/R32. When the molar ratio of R1234yf to R32 is 2:1 in R1234yf/R32, the adsorption capacity exceeds that of the individual pure refrigerant components. This is attributed to the utilization of the MOF-5 pore space through the combination of the large molecular structure of R1234yf and the small molecular structure of R32 at the current molar ratio, which is resulting in superior performance compared to pure refrigerants.
The adsorption amounts of organic refrigerants in Co-MOF-74 are shown in Figure 5. Similar to MOF-5, the adsorption amounts of organic refrigerants decrease with the increase of temperature. The relationship among the adsorption amounts of pure refrigerants is as follows: R134a > R1234yf > R32.
[image: Figure 5]FIGURE 5 | Adsorption of pure working fluids and their mixtures in Co-MOF-74. (A) pure working fluids, (B) R1234yf/R32, (C) R134a/R32.
The analysis of the adsorption data for mixed refrigerants reveals that in the adsorption of mixed refrigerants, the adsorption capacities of each component are lower than those of pure refrigerants. This can be attributed to the shared occupancy of the Co-MOF-74 internal space by the mixed refrigerants. In the case of R1234yf/R32 and R134a/R32 mixed refrigerants with a molar ratio of 2:1, both R1234yf and R134a exhibit an increase in adsorption amount with increasing temperature. This is due to the enhanced molecular thermal motion at higher temperatures, which makes it easier for the smaller-sized R32 molecules to desorb from the porous material, which creates vacant adsorption sites for a small amount of R1234yf and R134a molecules to enter.
In the R134a/R32 mixed refrigerant system, the adsorption amount of R134a is higher than that of R1234yf in the R1234yf/R32 mixed refrigerant. This indicates that during the adsorption of mixed refrigerants in Co-MOF-74, R134a exhibits stronger adsorption selectivity towards R32 compared to R1234yf. When the molar ratio of R1234yf to R32 is 2:1 in the R1234yf/R32 mixed refrigerant, the adsorption amount exceeds that of the individual pure refrigerant components. This is attributed to the effective utilization of the Co-MOF-74 pore space through the combination of the large molecular structure of R1234yf and the small molecular structure of R32 at the current molar ratio, which results in superior performance compared to pure refrigerants.
Next, the adsorption capacity of organic working fluids in two different metal-organic framework (MOF) materials, MOF-5 and Co-MOF-74, was analyzed. It was observed that, for different organic working fluids, the adsorption capacity followed the trend of MOF-5>Co-MOF-74. This can be attributed to the distinct structural characteristics of the two MOF materials. MOF-5, with its three-dimensional network structure, exhibits a larger specific surface area and higher porosity compared to Co-MOF-74, which possesses a three-dimensional structure with one-dimensional pore channels. A larger specific surface area and higher porosity result in more available adsorption sites per unit mass of the MOFs, leading to a higher adsorption capacity of organic working fluids.
Furthermore, in the adsorption of mixed working fluids in MOF-5, it was observed that the adsorption capacity of R1234yf in the R1234yf/R32 mixture was higher than that of R134a in the R134a/R32 mixture. However, in Co-MOF-74, the opposite trend was observed. This discrepancy can be attributed to the smaller pore size of MOF-5, where R1234yf, being the largest molecule among the three working fluids, occupies a majority of the available space, resulting in a higher adsorption capacity. On the other hand, Co-MOF-74 has a larger pore size, and the size of the organic working fluid molecules has a lesser impact on the adsorption capacity. As a result, the pure working fluid with the highest adsorption capacity, R134a, exhibits a higher adsorption capacity in Co-MOF-74. Additionally, the smaller pore size of MOF-5 also prevents the phenomenon of increasing adsorption capacity of mixed working fluid components with rising temperature, which is observed in Co-MOF-74.
3.2 Adsorption heat
Adsorption heat is the thermal effect generated during the adsorption process of a substance and serves as an important indicator of adsorption characteristics. During the adsorption process, gas or liquid molecules move towards the surface of the porous medium, leading to a significant decrease in their thermodynamic energy. This energy is converted into surface energy, releasing heat, which is known as adsorption heat. The adsorption heat can be calculated using the following equation (3) (Niu et al., 2019):
[image: image]
where [image: image] represents the energy of the stable configuration formed between the organic adsorbate and the metal-organic framework material. [image: image] represents the energy of the metal-organic framework material before adsorption, and [image: image] represents the energy of the organic adsorbate before adsorption. [image: image] is the adsorption heat. Since the adsorption process typically releases heat, a larger [image: image] indicates a greater amount of heat released during the adsorption process, resulting in a more stable configuration after adsorption.
The adsorption heat of organic working fluids in MOF-5 is shown in Figure 6. At about 330 K, the adsorption heat suddenly increases, which is attributed to a phase transition of the organic working fluid at this temperature, leading to an increase in [image: image]. Apart from the phase transition point, as the temperature rises, the adsorption of organic working fluids per unit mass of the MOF decreases, and the adsorption heat also decreases accordingly. The magnitude of adsorption heat for pure working fluids in MOF-5 follows the order: R134a > R32 > R1234yf. The higher the proportion of fluorine atoms, the greater the adsorption heat, possibly due to the stronger interaction forces between the fluorine atoms and other atoms during adsorption.
[image: Figure 6]FIGURE 6 | Adsorption heat of pure and mixed working fluids in MOF-5. (A) pure working fluids, (B) mixed working fluids.
The adsorption heat curve of mixed working fluids is more complex compared to pure working fluids, which is due to the presence of multiple components in the mixture. During adsorption, although the adsorption amount decreases with the increase of temperature, the changes in composition vary due to different adsorption selectivity. Overall, the adsorption heat of the R134a/R32 mixed working fluid is higher than that of the R1234yf/R32 mixed working fluid. This is partly because the adsorption heat of pure R134a is greater than that of R1234yf. Additionally, R1234yf exhibits stronger adsorption selectivity in MOF-5, resulting in a lower adsorption amount of R32 in the R1234yf/R32 mixed working fluid compared to the adsorption amount of R32 in the R134a/R32 mixed working fluid.
The adsorption heats of organic adsorbates in Co-MOF-74 are shown in Figure 7. Similar to MOF-5, there is a sharp transition point due to phase change in the adsorption heat at 330 K, and the overall adsorption heat decreases with increasing temperature. The order of adsorption heats for pure adsorbates in Co-MOF-74 is R32 > R134a > R1234yf, which is different from that in MOF-5 where the order is R134a > R32 > R1234yf. This is partly because the mass fractions of fluorine in R32 (73.07%) and R134a (74.50%) are similar, and partly because the difference in adsorption between R32 and R134a in Co-MOF-74 is smaller than that in MOF-5.
[image: Figure 7]FIGURE 7 | Adsorption heat of pure and mixed working fluids in Co-MOF-74. (A) pure working fluids. (B) mixed working fluids.
The adsorption heat of R1234yf/R32 mixed refrigerant is higher than that of R134a/R32 mixed refrigerant, because the adsorption of R32 in R1234yf/R32 mixed refrigerant is greater than that in R134a/R32 mixed refrigerant. In addition, in both types of mixed refrigerants, the order of adsorption heats is 1:2 M ratio >1:1 M ratio >2:1 M ratio. That is, the adsorption heat of mixed refrigerants is proportional to the mass fraction of R32.
Then, the comparative analysis of the adsorption heats of organic adsorbates in two types of MOF materials reveals that for different organic adsorbates, the order of adsorption heats is consistently MOF-5 > Co-MOF-74. Therefore, it can be concluded that for the same adsorbate at the same temperature, its adsorption heat in a unit mass of MOF is directly proportional to the specific surface area and porosity of the MOF material. The adsorption heat increases when the organic adsorbate undergoes phase transition, and generally decreases with increasing temperature. On the other hand, for mixed refrigerants, although the adsorption capacity decreases with increasing temperature, the variation in composition differs due to different adsorption selectivity. This complexity results in a more intricate adsorption heat curve. Overall, for mixed refrigerants with the same composition, the adsorption heat increases with an increase in the mass fraction of the component with higher adsorption heat.
4 ANALYSIS OF THE DESORPTION PROCESS
4.1 Desorption regeneration rate
After completing the adsorption process in MOFs, the accumulated organic refrigerants within them need to undergo a desorption regeneration process to achieve the recycling of the adsorbent. Therefore, the regenerability of the refrigerant in MOFs is a key indicator during the desorption process. Due to variations in the initial adsorption amounts among different adsorption models, it is not appropriate to simply use the desorption amount as a measure of the regenerability of organic refrigerants in MOFs. In this study, the desorption regeneration rate is employed to evaluate the regenerability of organic refrigerants. The desorption regeneration rate is defined as the ratio of the desorption amount to the original adsorption amount, which can be calculated using Eq. (4):
[image: image]
where [image: image] and [image: image] are the moles of working fluids in the MOF at adsorption and desorption temperature, respectively.
The desorption regeneration rates of organic refrigerants and their mixtures in MOF-5 are shown in Figure 8. As the temperature increases, the desorption regeneration rate also increases. The reason for this phenomenon is that with the temperature rising, the thermodynamic energy of the organic refrigerant molecules increases, which makes them more likely to desorb from the MOF. The desorption regeneration rates of pure refrigerants are in the following order: R32 > R1234yf > R134a. This is due to the smaller size of R32 molecules which makes them easier to desorb from the MOF. R1234yf and R134a have similar molecular sizes, but R134a exhibits stronger interactions with MOF-5, which results in a slightly lower desorption regeneration rate compared to R1234yf.
[image: Figure 8]FIGURE 8 | Desorption regeneration rates of pure and mixed working fluids in MOF-5. (A) desorption and regeneration rates of each organic working fluid, (B) R1234yf/R32, (C) R134a/R32.
Among mixtures of the same composition but different molar ratios, the desorption regeneration rate is directly proportional to the mass fraction of R32. The order of desorption regeneration rates is as follows: molar ratio (1:2) > molar ratio (1:1) > molar ratio (2:1). For mixtures with the same molar ratio but different components, the order of desorption regeneration rates is R134a/R32 > R1234yf/R32. This is because the adsorption amount of R32 varies in different mixtures. During adsorption, R1234yf exhibits stronger selectivity for R32 compared to R134a. The adsorption amount of R32 in R134a/R32 is greater than that in R1234yf/R32, which results in a higher desorption regeneration rate for R134a/R32 compared to R1234yf/R32.
Analyzing the desorption regeneration rates of each component in the mixture, it is observed that the desorption regeneration rate of R32 is not only greater than the other components but also higher than the desorption regeneration rate of the pure refrigerant. This finding indicates that the intermolecular interactions between different molecular species in the mixture play a promoting role in the desorption process.
The desorption regeneration rates of organic refrigerants in Co-MOF-74 are shown in Figure 9. As the temperature increases, the desorption regeneration rate also increases. The order of desorption regeneration rates of pure refrigerants is the same as that in MOF-5, namely, R32 > R1234yf > R134a. For mixtures with the same composition but different molar ratios, the desorption regeneration rate is directly proportional to the mass fraction of R32. The order of desorption regeneration rates is molar ratio (1:2) > molar ratio (1:1) > molar ratio (2:1). For mixtures with the same molar ratio but different components, the order of desorption regeneration rates is R134a/R32 > R1234yf/R32.
[image: Figure 9]FIGURE 9 | Desorption regeneration rates of pure and mixed working fluids in Co-MOF-74. (A) desorption and regeneration rates of each organic working fluid, (B) R1234yf/R32, (C) R134a/R32.
Besides, it is found that R32 which has a smaller molecular structure exhibits a higher desorption regeneration rate than the other components in the mixture. Due to the intermolecular interactions between different molecular species in the mixture, the desorption regeneration rates of each component in the mixture are higher than those of their corresponding pure refrigerants. And for the same organic working fluid, the desorption regeneration rate follows the order Co-MOF-74 > MOF-5. This is attributed to the different structures of the MOFs. Co-MOF-74, as a one-dimensional porous metal-organic framework material with a three-dimensional structure, has larger pore size and simpler internal structure compared to MOF-5, making it easier for organic working fluids to desorb.
4.2 Desorption heat
Desorption heat refers to the thermal effect generated during the desorption process of a working fluid. Here, desorption heat is defined as the energy released per unit mass of MOF during the desorption process of the organic working fluid, starting from the system state when the adsorption of the working fluid ends at 300 K. This can be obtained by calculating the energy difference before and after the desorption process using a simulation model, the specific calculation method is shown in Eq. (5):
[image: image]
where [image: image] is the energy of the stable configuration formed by the adsorption working pairs. [image: image] denotes the energy after desorption of MOF, [image: image] is the energy of working fluids after desorption.
The desorption heats of pure adsorbates and their mixed refrigerants in MOF-5 are shown in Figure 10. It can be observed that as the temperature increases, both the desorption heats of pure adsorbates and mixed refrigerants increase. This is because at higher temperatures, more organic fluid adsorbates are released from the MOF, resulting in the release of more heat. For pure adsorbates, the order of desorption heats is R32 > R134a > R1234yf, which is inversely proportional to the molecular volume of the organic adsorbates.
[image: Figure 10]FIGURE 10 | Desorption heat of pure and mixed working fluids in MOF-5. (A) pure working fluids, (B) mixed working fluids.
For mixed refrigerants with the same composition but different molar ratios, the relationship between desorption heats follows the order: molar ratio (1:2) > molar ratio (1:1) > molar ratio (2:1). In other words, for mixed refrigerants with the same composition, the desorption heat increases as the mass fraction of R32 in the mixed refrigerant increases. As for mixed refrigerants with the same molar ratio but different components, the relationship between desorption heats follows the order: R134a > R1234yf, which similarly aligns with the conclusion that desorption heat is inversely proportional to the molecular volume of the organic adsorbates.
The desorption heats of pure refrigerants and their mixed refrigerants in Co-MOF-74 are shown in Figure 11. As the temperature increases, the desorption heat also increases. In the desorption process of pure refrigerants, R32 exhibits the highest desorption heat, reaching 262.27 kJ/kg at 390 K, while R1234yf exhibits the lowest desorption heat, with a value of 157.31 kJ/kg at 390 K.
[image: Figure 11]FIGURE 11 | Desorption heat of pure and mixed working fluids in Co-MOF-74. (A) pure working fluids, (B) mixed working fluids.
For mixed refrigerants with the same composition but different molar ratios, the desorption heat increases as the mass fraction of R32 in the mixed refrigerant increases, following the order: molar ratio (1:2) > molar ratio (1:1) > molar ratio (2:1). As for mixed refrigerants with the same molar ratio but different components, the relationship between desorption heats follows the order: R1234yf > R134a.
Besides, for the same working fluid, the desorption heat in MOF-5 is greater than that in Co-MOF-74. Hence, desorption heat exhibits a similar relationship to adsorption amount and heat, increasing with higher specific surface area and porosity. The order of desorption heats for pure working fluids in both MOF materials is as follows: R32 > R134a > R1234yf. For mixed working fluids with the same composition, the desorption heat increases with the mass fraction of R32 in the mixture. In Co-MOF-74, the desorption heat varies significantly with changes in molar ratio for mixed working fluids.
5 CONCLUSION
This work investigates the adsorption and desorption regeneration processes of pure refrigerants R1234yf, R134a, R32, and their mixtures in MOF-5 and Co-MOF-74 through simulation. The following conclusions can be drawn,
(1) The adsorption capacity of organic refrigerants is inversely proportional to temperature. The mixed refrigerant R1234yf/R32 (with a molar ratio of 2:1) fully utilizes the space within the MOF, resulting in a higher adsorption capacity compared to the individual pure components.
(2) When organic refrigerants undergo phase transitions, their adsorption heat suddenly increases due to the increased thermodynamic potential of the refrigerant itself. In the absence of phase transitions, the adsorption heat decreases with increasing temperature.
(3) With the increase in temperature, the thermal motion capability of molecules enhances, resulting in higher desorption capacity, desorption regeneration rate, and desorption heat of organic refrigerants in the MOF material.
(4) Co-MOF-74 with larger pore size exhibits a higher desorption regeneration rate than MOF-5, while MOF-5 has a higher desorption heat compared to Co-MOF-74.
(5) R32 is more easily desorbed from the MOF material with smaller molecular structure. The interactions between atoms of different molecules in the mixed refrigerant play a promoting role in the desorption process.
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