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Abstract

:

Metal-organic frameworks (MOFs) are one of the most promising adsorbents in the adsorption cooling system (ACS) for their outstanding water adsorption performance. Notwithstanding that fact, numerous reports pay more attention to the ACS performance improvement through enhancing equilibrium water uptake of MOFs. However, adsorption cooling performance, including specific cooling power (SCP) and coefficient of performance for cooling (COPC) of MOF/water working pairs, always depends on the water adsorption kinetics of MOFs in ACS. In this work, to increase the water adsorption rate, the preparation of MOP/MIL-101(Cr) was achieved by encapsulating hydrophilic metal-organic polyhedral (MOP) into MIL-101(Cr). It was found that the hydrophilicity of MOP/MIL-101(Cr) was enhanced upon hydrophilic MOP3 encapsulation, resulting in a remarkable improvement in water adsorption rates. Furthermore, both SCP and COPC for MOP/MIL-101(Cr)-water working pairs were also improved because of the fast water adsorption of MOP/MIL-101(Cr). In brief, an effective approach to enhance the water adsorption rate and cooling performance of MOF-water working pairs through enhancing the hydrophilicity of MOFs by encapsulating MOP into MOFs was reported in this work, which provides a new strategy for broadening the application of MOF composites in ACS.
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1. Introduction


Increasing fuel consumption combined with anthropogenic greenhouse gas emissions are driving the escalating worldwide utilization of environmentally benign cooling technologies, especially renewable energy, to diminish global electrical energy requirements [1]. An adsorption cooling system (ACS) has been proposed, which enables the utilization of low-grade energy (e.g., solar radiation) for regeneration and water working fluid [2,3]. The efficiency indicators, including specific cooling power (SCP) and coefficient of performance for cooling (COPC), are used to quantify the cooling performance of ACS. Both SCP and COPC are directly related to the water adsorption performance of adsorbents in terms of the level of mass exchange and the amount of heat required for regeneration [4,5]. Traditional porous adsorbents such as silica gels and zeolites are commonly employed in ACS. However, the unsatisfactory water adsorption performance and high regeneration temperatures limit their ACS performance [6,7,8]. Therefore, seeking high-performance adsorbents to enhance the adsorption cooling performance of the system has received growing attention.



The potential use of metal-organic frameworks (MOFs) [9] for ACS has recently received growing research interest [10] because of their superior water uptake [11]. MIL-101(Cr) [12] is one of the most prominent MOFs due to its ultrahigh water uptake (>1.0 g/g) and excellent chemical and structural stability in the water medium [13]. The equilibrium water uptake of MIL-101(Cr) (1.05 g/g [10]) is 3.5 times that of conventional silica gel (0.30 g/g [14]) at P = 2.85 kPa and T = 298 K. However, the superior equilibrium water uptake of the adsorbent does not always guarantee it outperforming SCP and COPC in ACS since the slow water adsorption by adsorbents may greatly restrict their cyclic water uptake and, thus, cooling capacity [15,16]. For example, although the equilibrium water uptake by Al-fumarate (0.24 g/g at P = 1.2 kPa and T = 303 K) and FAM-Z01 (0.17 g/g at P = 1.2 kPa and T = 303 K) was lower than that by silica gel (0.47 g/g at P = 1.2 kPa and T = 303 K), their COPC (COPC = 0.41 for Al-fumarate and 0.47 for FAM-Z01) is higher than that of silica gel (COPC = 0.26) owing to the faster water adsorption [15]. Moreover, the high equilibrium water uptake of adsorbents also does not guarantee fast adsorption kinetics [16]. It has been reported that the equilibrium water uptake of MIL-100(Fe) (0.26 g/g at P = 1.2 kPa and T = 303 K) is lower than that of MOF-801 (0.30 g/g at P = 1.2 kPa and T = 303 K) and the water adsorption of MIL-100(Fe) is 2.8 times faster than MOF-801 [16], indicating its high cooling power. Thus, the kinetic properties of adsorbents in water uptake play an important role in the cooling performance of ACS [17].



Regarding the factors influencing the water adsorption kinetics of MOFs, the hydrophilicity of MOFs accelerates water uptake. Recently, NH2-MIL-125 was reported to exhibit faster water adsorption than pristine MIL-125 owing to its improved hydrophilicity upon amine functionalization [18]. Meanwhile, OH-UiO-66 with hydroxy functionalization also exhibited enhanced hydrophilic properties, resulting in faster water adsorption than UiO-66 [19]. Although chemical functionalization is an effective strategy to enhance MOF hydrophilicity, it is complex and costly so it is not commonly used in the modification of MOFs [20,21]. The incorporation of functional guest species into MOFs [22] provides a facile strategy for fine-tuning the hydrophilicity of MOFs [23,24,25] under mild conditions [22]. Among these guest species, metal-organic polyhedral (MOP) [26] nanoparticles are a new class of inorganic-organic coordination complexes that can be prepared by the self-assembly of metal ions and organic ligands with hydrophilic functional groups [27]. However, agglomeration of MOP is unfavorable for its adsorption performance [27,28]. Thus, the encapsulation of MOP into MOFs was adopted [29], for example, by incorporating MOP-18 into IRMOF-74-IV [30]. Qiu et al. encapsulated M6L4 (a Pd-based MOP) into MIL-101(Cr) and revealed the improved catalytic performance of M6L4/MIL-101(Cr) composites [29]. The equilibrium water uptake of MOP/PCN-777 (0.26 g/g at P/P0 = 0.9 and T = 298 K) was remarkably higher than PCN-777 (0.16 g/g at P/P0 = 0.9 and T = 298 K), indicating the positive contribution of MOP to the water uptake of MOFs [28]. However, the influence of MOP encapsulation on the kinetic properties of MOFs for adsorption cooling has yet to be elucidated.



In this work, a Cu-based MOP named MOP3 containing a hydrophilic −SO3H with a size of 2.9 nm [31] was chosen to tune the hydrophilicity of mesoporous MIL-101(Cr) with theoretical internal free diameters of 2.9 and 3.4 nm [12]. Structural characteristics and the water adsorption rates of MOP/MIL-101(Cr) with different MOP contents were measured. The adsorption cooling performance (SCP and COPC) for ACS based on MOP/MIL-101(Cr)-water working pairs were estimated using a lumped model-based mathematical modeling. The influence of MOP3 on the structural characteristics, kinetic properties, and cooling performance of MOP/MIL-101(Cr) were investigated. The results provide insights into the exploration of MOP/MOF composites with enhanced kinetics properties by encapsulating MOP for high-performing adsorption cooling.




2. Materials and Methods


2.1. MOP/MIL-101(Cr) Preparation


All chemicals and materials used for preparing MOP/MIL-101(Cr) composites were purchased from commercial sources without purification. MIL-101(Cr) [32] and MOP3 [31] were synthesized via the previously reported method with details provided in the Supporting Information (SI). MOP/MIL-101(Cr) composites were prepared by a hydrophilicity-directed approach [29]; the construction diagram is shown in Figure 1. Specifically, MIL-101(Cr) was added to n-hexane with stirring. Then, Cu(NO3)2 and Na+SO3−-mBDC were dissolved in methanol and successively added to the suspension under continuous stirring. Afterward, 2,6-dimethylpyridine was added under stirring. Finally, the obtained solid was washed with DMF and deionized water and activated by heating under a vacuum. To avoid agglomeration, MOP3 content in composites varies from 5 wt.% to 35 wt.%, corresponding to MOP/MIL-101(Cr)-n where n = 5, 10, 15, 20, and 35.




2.2. MOP/MIL-101(Cr) Characterization


The prepared MOP/MIL-101(Cr) composites were first characterized by powder X-ray diffraction (PXRD, PANalytical B.V., Netherlands) to confirm their crystalline structure. Then, scanning electron microscope (SEM, FEI, Netherlands) images were conducted to obtain the morphological characteristics of MOP/MIL-101(Cr) composites, from which particle size can be calculated by Image Pro Plus software. The Fourier transform infrared (FT-IR, Bruker, Germany) spectra were obtained to demonstrate MOP/MIL-101(Cr) composites’ structural characteristics and confirm MOP3 encapsulation. The nitrogen (N2) adsorption isotherms were measured at 77 K (Quantachrome, US) to obtain the BET surface area, total pore volume, and pore size distribution of MOP/MIL-101(Cr) composites. The porosity of MOP/MIL-101(Cr) composites and MIL-101(Cr) were calculated using true density determined by a true density analyzer (Micromeritics, US) and bulk density based on volume measured in a container of a known volume. Differential scanning calorimeter (DSC, PerkinElmer, US) was conducted under N2 atmosphere to obtain the heat capacity of MOP/MIL-101(Cr) composites and MIL-101(Cr). Water adsorption isotherms were measured at 288, 298, and 303 K at relative pressure ranges from 0.001 to 0.9 (Quantachrome, US). The data were used to calculate the heat of adsorption of MOP/MIL-101(Cr) composites and MIL-101(Cr) using the Clausius–Clapeyron equation.




2.3. Water Adsorption Rate Measurement


Generally, the adsorption temperature and humidity were 303 K and 30% (RH) in the adsorption bed under typical cooling conditions for the ACS [33]. Thus, the dynamic water adsorption curve (Surface Measurement Systems, UK) at 303 K and 30% relative humidity was tested with the details provided in the SI, from which the water adsorption rate of MOP/MIL-101(Cr) composites and MIL-101(Cr) can be calculated by differentiating the water uptake from the corresponding adsorption time. For comparison, the average water adsorption rate was obtained by dividing water uptake by adsorption time.




2.4. Mathematical Modeling of ACS


A dynamic thermal cycle of ACS (Figure 2a) includes pre-heating (from 1 to 2), desorption (from 2 to 3), pre-cooling (from 3 to 4), and adsorption (from 4 to 1). In order to explore the adsorption cooling performance of MOP/MIL-101(Cr)-water working pairs, a typical two-bed adsorption cooling system [34] was used in this work. The two-bed ACS includes a condenser, an evaporator, two adsorption beds, and several circulation pipes, including hot water, cooling water, and chilled water circulation pipes (Figure 2b).



As shown in Figure 2b, adsorbents in SE1 (desorption bed) are desorbed or regenerated (Tdes) by an external heat source (Qregen). Meanwhile, SE1 is connected with the condenser (Tcon and Pcon). Thereby, the desorbed water (gaseous) enters the condenser from SE1 and condenses into liquid water. Subsequently, the condensed water flows into the evaporator and evaporates into water vapor (Teva and Peva). At the same time, the outside heat can be taken away by water evaporation (Qeva), thus producing a cooling effect. Then, the evaporated water vapor enters SE2 (adsorption bed) from the evaporator for adsorption. The schematic diagram of the transient temperature (Figure 2c) and of the water uptake (Figure 2d) for two-bed ACS is shown in Figure 2. The system follows the mass and energy balance equations. The energy balance equation for the adsorption bed can be described as:


   (   M  a d    C  p , a d   +  q  b e d    M  a d    C  p , w   +  M  h e x    C  p , h e x    )    d  T  b e d     d t   = ϕ  M  a d    q  s t     d  q  b e d     d t   -  (   m  b e d , w    C  p , w    )   (   T  b e d , o u t   -  T  b e d , i n    )   



(1)







Here, items on the left successively represent the change in thermal energy of adsorbents (MOP/MIL-101(Cr)), the working fluid (water), and the heat exchanger. Items on the right represent the heat of adsorption in the adsorption bed and heat transfer between the adsorption bed and evaporator. ϕ = 0 at switch time (ts) and ϕ = 1 at operating time (to). Heat capacity (Cp,ad) and heat of adsorption (qst) for MOP/MIL-101(Cr) are shown in Table 1. The energy balance equations in the evaporator and condenser are shown in SI.



The mass balance equation in ACS:


    d  M w    d t   = -  M  a d    (    d  q  a d s     d t   +   d  q  d e s     d t    )   



(2)







The rate for the change in water mass is equal to the amount of adsorbed water during adsorption and how much water was desorbed during desorption. The equation parameters are shown in Table S1 [35].



Based on the energy and mass balance equations in ACS, SCP, and COPC of MOP/MIL-101(Cr)-water working pairs are calculated as follows:


  S C P =    Q  e v a      t  c y c l e      



(3)






  C O  P C  =    Q  e v a      Q  r e g e n      



(4)







Here, Qeva and Qregen are the cooling capacity and total energy consumption of MOP/MIL-101(Cr) in ACS; tcycle is the cycle time of ACS.



The adsorption temperature (Tads) of ACS is equal to the condensation temperature (Tcon) [36], which is usually 303 K in cooling conditions (Table 2). According to the hot water temperature generated by solar energy, the desorption temperature (Tdes) is set at 353 K [37]. The chilled water inlet temperature determines the evaporation temperature (Teva), which is generally set to 283 K for cooling. Moreover, mass flow in circulation pipes, including hot water (mhot), cooling water (mcooling), and chilled water (mchill); the cycle time, including operating time (to) and switch time (ts) are set based on previous reports [34,35,38] (Table 2).





3. Results and Discussion


3.1. Effects of Structural Characteristics on Water Adsorption Rates


A previous study showed that the structural properties of MOFs will affect their water adsorption performance. For example, the large pore volume is favorable for the equilibrium water uptake of MOFs [11]. Therefore, we first characterized the structural properties of MOP/MIL-101(Cr). Scanning electron microscopy (SEM) images demonstrated that the morphology of MOP/MIL-101(Cr) composites was not significantly changed compared with pristine MIL-101(Cr) (Figure 3a). The homogeneous distribution of Cu element in MOP/MIL-101(Cr)-5 was observed by energy dispersive spectroscopy elementary mapping (Figure 3a). In contrast, no significant Cu signal in MIL-101(Cr) indicates the uniform distribution of MOP3 in composites. In addition, compared to MIL-101(Cr), the particle size of MOP/MIL-101(Cr) composites was not changed after MOP3 incorporation, regardless of MOP3 content. Moreover, the original crystallinity of MIL-101(Cr) was effectively preserved as demonstrated in powder X-ray diffraction (PXRD) patterns of MOP/MIL-101(Cr), which matches with MIL-101(Cr) (Figure 3b).



The successful encapsulation of MOP3 in MIL-101(Cr) was confirmed by Fourier transform infrared (FT-IR) spectra (Figure 3c). The peak at 1608 cm−1 represents the asymmetric stretching pattern of the COO−-Cu2+ complex [39]. The peak at 1042 cm−1 results from the symmetric stretching pattern of the SO3− [28] present in MOP3. The results are consistent with previous reports on the encapsulation of MOP3 into PCN-777 [28]. Although the morphology and crystallinity of MIL-101(Cr) are well preserved after MOP3 incorporation, BET surface area and total pore volume of MOP/MIL-101(Cr) decrease significantly upon MOP3 encapsulation (Figure 3d). Compared with MIL-101(Cr), the BET surface area and total pore volume of MOP/MIL-101(Cr)-35 decreased by 37.5% and 37.3%, respectively. In addition, the pore size of MOP/MIL-101(Cr) is gradually reduced with the increased loading of MOP3 (Figure 3e), which was also observed in a previous study on MOP/PCN-777 composites [28].



Furthermore, the BET surface area and total pore volume are key factors affecting the equilibrium water uptake of MOFs under high pressure [11]. Thus, the reduction in BET surface area and total pore volume leads to a decrease in equilibrium water uptake for MOP/MIL-101(Cr) at a high relative pressure of P/P0 > 0.5 (Figure 4a). However, the equilibrium water uptake of MOP/MIL-101(Cr) increased at low pressure of P/P0 < 0.5, ascribed to enhanced hydrophilicity of MIL-101(Cr) upon hydrophilic MOP3 encapsulation. Herein, Henry’s constant (KH), which describes the affinity of adsorbents toward the water at low pressure [40], was used to quantify the hydrophilicity of MOP/MIL-101(Cr) composites. It was found that the hydrophilicity of MOP/MIL-101(Cr) gradually increased with the MOP3 content. To investigate the reason for the enhanced hydrophilicity of MOP/MIL-101(Cr), KH of MOP3 and MIL-101(Cr) were measured (Figure S1). KH of MOP3 (KH = 0.116 g/g·kPa) is higher than MOP/MIL-101(Cr) (KH = 0.095 ~ 0.110 g/g·kPa) and MIL-101(Cr) (KH = 0.095 g/g·kPa), indicating the enhanced hydrophilicity of MOP/MIL-101(Cr) resulting from MOP3 encapsulation. According to previous reports, hydrophilicity is beneficial for enhancing water adsorption rate [18,19]. Results show that water adsorption rates of MIL-101(Cr) are significantly increased upon MOP3 encapsulation. In addition, water adsorption rates of MOP/MIL-101(Cr) are increased linearly with MOP3 content, consistent with Henry’s constant.



Moreover, apart from surface hydrophilicity, other structure properties including pore size, particle size and porosity may also impact on water adsorption kinetics. Based on diffusion theory, Knudsen diffusion and molecular diffusion dominate water adsorption in micropores and mesopores, respectively. Thus, either the pores within sample particles or the interparticle pores may impose impacts on water adsorption kinetics. In addition, porosity is frequently used to represent the structural characteristics of porous media. To explore the correlation between structural properties of MOP/MIL-101(Cr) and water adsorption rate, the impacts of particle size (Rp), pore size (D), porosity (φ), and hydrophilicity (KH) on the water adsorption rate (    v  ¯   ) of MOP/MIL-101(Cr) was investigated (Figure 5). In theory, larger particle/pore size and high porosity are beneficial for water diffusion in pore media [41]. However, in this work, both pore size and porosity were reduced with increased MOP3 content, and the particle size remained nearly constant. These outcomes are not conducive to improving the water adsorption rate for MOP/MIL-101(Cr). Nevertheless, the water adsorption rates of MOP/MIL-101(Cr) exhibited a consistent tendency to hydrophilicity with the increase in MOP3 content. This suggests the dominant role of hydrophilicity in water adsorption rates of MOP/MIL-101(Cr). MOP/MIL-101(Cr)-35 exhibited the highest water adsorption rate, which was approximately 2.3 times that of MIL-101(Cr).




3.2. Adsorption Cooling Performance


Cooling performance, including SCP and COPC of MOP/MIL-101(Cr)-water working pairs, were subsequently discussed. As shown in Figure 6, the SCP of MOP/MIL-101(Cr)-water increases with the MOP3 content. SCP measures the capacity of the system to produce a cooling effect [42], mainly determined by cooling capacity (Qeva) based on Equation (3). Furthermore, the cooling capacity (Qeva) is mainly affected by cyclic working capacity (Δqt) according to Qeva = LH∙Δqt, where LH represents the latent heat of water vaporization, which is a constant at fixed evaporation temperature. Δqt can be calculated by transient water uptake (Figure 2d). Therefore, the large cyclic working capacity of MOP/MIL-101(Cr) is favorable for SCP of MOP/MIL-101(Cr)-water (Figure 6a). Notably, the cyclic working capacity of MOP/MIL-101(Cr) improves with the increase in MOP3 content, which exhibits a consistent tendency with water adsorption rate (Figure 6). This indicates that the cyclic working capacity is mainly affected by the water adsorption rate of MOP/MIL-101(Cr). Consequently, MOP/MIL-101(Cr) with fast water uptake promotes the cyclic working capacity resulting in the enhancement of SCP. Moreover, compared to MIL-101(Cr)-water, SCP of MOP/MIL-101(Cr)-water enhanced regardless of MOP3 content because of the fast water adsorption of MOP/MIL-101(Cr).



The COPC is defined as the ratio of the useful energy provided by the device and the required input [43]


  C O  P C  =   S C P ⋅  t  c y c l e      Q  r e g e n      











COPC of MOP/MIL-101(Cr)-water increases with MOP3 content, which exhibited a consistent tendency with total energy consumption of system (Qregen) and SCP (Figure 7a) as well as water adsorption rate of MOP/MIL-101(Cr) (Figure 7b). The above analysis suggests that fast water adsorption of MOP/MIL-101(Cr) can promote SCP. Subsequently, we further investigated the total energy consumption (Qregen) of MOP/MIL-101(Cr).



Total energy consumption (Qregen = Qad + Qw + Qhex + Qdes) of ACS is composed of four parts based on the energy balance in the adsorption bed (Equation (1)): energy consumption by temperature rising (from adsorption temperature to desorption temperature) of adsorbents or sensible heat of adsorbents (Qad = Cp,ad(Tdes − Tads)), the sensible heat of adsorbed water (   Q w  =  v ¯  ⋅  t o  ⋅  C  p , w    (   T  d e s   -  T  a d s    )   ) and the sensible heat of heat exchanger (   Q  h e x   =    M  h e x      M  a d      C  p , h e x    (   T  d e s   -  T  a d s    )   ) during desorption process, and energy consumption for water desorption (Qdes = Δqt∙qst). It is noted (Figure 8) that the Qhex is a constant at the fixed temperature and mass of adsorbents. The sensible heat of MOP/MIL-101(Cr) (Qad) and adsorbed water (Qw) are mainly affected by the heat capacity of MOP/MIL-101(Cr) (Cp,ad) and water adsorption rate, respectively. The slight increase in Qad with the MOP3 content can be ascribed to the increased heat capacity of MOP/MIL-101(Cr) upon MOP3 (Cp,ad = 1.77 J/g·K for MOP3, Table 1). Qw was also slightly improved because of the increased water adsorption rate of MOP/MIL-101(Cr) with MOP3 content. In contrast, the energy consumption of water desorption (Qdes) mostly contributes to total energy consumption (Figure 8a), which is ascribed to the significantly increased hydrophilicity of MOP/MIL-101(Cr) upon MOP3 encapsulation that requires the increased energy consumption for desorption. In addition, the increased heat of adsorption (qst, Table 1) and cyclic working capacity of MOP/MIL-101(Cr) resulting from fast water adsorption also favor the remarkable increase in Qdes (Figure 8b). In conclusion, the improved water adsorption rate promotes SCP of MOP/MIL-101(Cr)-water working pairs, resulting in the significant enhancement of SCP. Energy consumption of MOP/MIL-101(Cr) can be enhanced by increased cyclic working capacity and heat of adsorption, which is not beneficial for improving COPC. Nonetheless, the improved SCP caused by accelerated water adsorption contributes to the enhancement of COPC. Thus, the COPC of MOP/MIL-101(Cr)-water working pairs increased with MOP3 content.





4. Conclusions


In this work, we report on a new strategy to enhance the water adsorption kinetics and cooling performance of MIL-101(Cr) and its working pair by encapsulating MOP3 into MIL-101(Cr). We prepared and characterized MOP/MIL-101(Cr) composites with different MOP3 contents and found that the encapsulation of MOP3 decreased the pore size and porosity of MIL-101(Cr), while the hydrophilicity of MOP/MIL-101(Cr) significantly enhanced with the increase in MOP3 content. Although reduced pore size and porosity are detrimental to water adsorption, the water adsorption rate of MOP/MIL-101(Cr) improved with the increase in MOP3 due to the enhancement of hydrophilicity. Based on mathematical modeling, the adsorption cooling performance, namely both SCP and COPC, of MOP/MIL-101(Cr)-water for ACS increases with the MOP3 content. This can be ascribed to the increased water adsorption rate resulting from the improved hydrophilicity of MOP/MIL-101(Cr) upon MOP3 encapsulation. These findings demonstrate the effectiveness of MOP3 encapsulation in improving the water adsorption kinetics and cooling performance of MIL-101(Cr).








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/nano13071147/s1, Figure S1: (a) water adsorption isotherms and (b) KH of MOP/MIL-101(Cr), MIL-101(Cr) and MOP3; Table S1: parameters of ACS; Table S2: fitting parameters of the universal adsorption isotherm model; Table S3: fitting parameters of modified linear driving force model.





Author Contributions


Conceptualization, S.L. and B.L.; methodology, X.X.; software, X.X.; validation, X.X.; formal analysis, S.L.; investigation, X.X.; writing—original draft preparation, X.X.; writing—review and editing, S.L. and B.L.; visualization, X.X.; supervision, S.L., B.Z. and Z.X.; project administration, S.L. and B.Z.; funding acquisition, S.L. and B.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Key Research and Development Program of China (No. 2020YFB1506300) and the National Defense Innovation Special Zone Project (No. 20-163-00-TS-013-002-08).




Data Availability Statement


Not applicable.




Acknowledgments


The authors acknowledge the support from the Huazhong University of Science and Technology Analytical & Testing Center.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rawal, R.; Schweiker, M.; Kazanci, O.B.; Vardhan, V.; Jin, Q.; Duanmu, L. Personal Comfort Systems: A Review on Comfort, Energy, and Economics. Energ. Build. 2020, 214, 109858. [Google Scholar] [CrossRef]

	



Meunier, F. Adsorption Heat Powered Heat Pumps. Appl. Therm. Eng. 2013, 61, 830–836. [Google Scholar] [CrossRef]

	



Ziegler, F. State of the Art in Sorption Heat Pumping and Cooling Technologies. Int. J. Refrig. 2002, 25, 450–459. [Google Scholar] [CrossRef]

	



Gordeeva, L.G.; Aristov, Y.I. Adsorptive Heat Storage and Amplification: New Cycles and Adsorbents. Energy 2019, 167, 440–453. [Google Scholar] [CrossRef]

	



Aristov, Y.I. Optimal Adsorbent for Adsorptive Heat Transformers: Dynamic Considerations. Int. J. Refrig. 2009, 32, 675–686. [Google Scholar] [CrossRef]

	



Critoph, R.E.; Zhong, Y. Review of Trends in Solid Sorption Refrigeration and Heat Pumping Technology. Proc. Inst. Mech. Eng. E J. Process. 2004, 219, 285–300. [Google Scholar] [CrossRef]

	



Demir, H.; Mobedi, M.; Ülkü, S. A Review on Adsorption Heat Pump: Problems and Solutions. Renew. Sustain. Energ. Rev. 2008, 12, 2381–2403. [Google Scholar] [CrossRef]

	



Aristov, Y.I. Challenging Offers of Material Science for Adsorption Heat Transformation: A Review. Appl. Therm. Eng. 2013, 50, 1610–1618. [Google Scholar] [CrossRef]

	



Zhou, H.C.; Long, J.R.; Yaghi, O.M. Introduction to Metal-Organic Frameworks. Chem. Rev. 2012, 112, 673–674. [Google Scholar] [CrossRef]

	



De Lange, M.F.; Verouden, K.J.; Vlugt, T.J.; Gascon, J.; Kapteijn, F. Adsorption-Driven Heat Pumps: The Potential of Metal-Organic Frameworks. Chem. Rev. 2015, 115, 12205–12250. [Google Scholar] [CrossRef]

	



Furukawa, H.; Gandara, F.; Zhang, Y.B.; Jiang, J.; Queen, W.L.; Hudson, M.R.; Yaghi, O.M. Water Adsorption in Porous Metal-Organic Frameworks and Related Materials. J. Am. Chem. Soc. 2014, 136, 4369–4381. [Google Scholar] [CrossRef] [PubMed]

	



Férey, C.; Mellot-Draznieks, C.; Serre, C.; Millange, F.; Dutour, J.; Surblé, S.; Margiolaki, I. A Chromium Terephthalate-Based Solid with Unusually Large Pore Volumes and Surface Area. Science 2005, 309, 2040–2042. [Google Scholar] [CrossRef] [PubMed]

	



Burtch, N.C.; Jasuja, H.; Walton, K.S. Water Stability and Adsorption in Metal-Organic Frameworks. Chem. Rev. 2014, 114, 10575–10612. [Google Scholar] [CrossRef]

	



Sun, B.; Chakraborty, A. Thermodynamic Frameworks of Adsorption Kinetics Modeling: Dynamic Water Uptakes on Silica Gel for Adsorption Cooling Applications. Energy 2015, 84, 296–302. [Google Scholar] [CrossRef]

	



Lee, J.G.; Bae, K.J.; Kwon, O.K. Performance Investigation of a Two-Bed Type Adsorption Chiller with Various Adsorbents. Energies 2020, 13, 2553. [Google Scholar] [CrossRef]

	



Rupam, T.H.; Tuli, F.J.; Jahan, I.; Palash, M.L.; Chakraborty, A.; Saha, B.B. Isotherms and Kinetics of Water Sorption onto MOFs for Adsorption Cooling Applications. Therm. Sci. Eng. Prog. 2022, 34, 101436. [Google Scholar] [CrossRef]

	



Muttakin, M.; Pal, A.; Rupa, M.J.; Ito, K.; Saha, B.B. A Critical Overview of Adsorption Kinetics for Cooling and Refrigeration Systems. Adv. Colloid Interface Sci. 2021, 294, 102468. [Google Scholar] [CrossRef]

	



Han, B.; Chakraborty, A. Experimental Investigation for Water Adsorption Characteristics on Functionalized MIL-125(Ti) MOFs: Enhanced Water Transfer and Kinetics for Heat Transformation Systems. Int. J. Heat Mass Transf. 2022, 186, 122473. [Google Scholar] [CrossRef]

	



Han, B.; Chakraborty, A. Advanced Cooling Heat Pump and Desalination Employing Functional UiO-66(Zr) Metal-Organic Frameworks. Energ. Convers. Manag. 2020, 213, 112825. [Google Scholar] [CrossRef]

	



Islamoglu, T.; Goswami, S.; Li, Z.; Howarth, A.J.; Farha, O.K.; Hupp, J.T. Postsynthetic Tuning of Metal-Organic Frameworks for Targeted Applications. Acc. Chem. Res. 2017, 50, 805–813. [Google Scholar] [CrossRef]

	



Cohen, S.M. Postsynthetic Methods for the Functionalization of Metal-Organic Frameworks. Chem. Rev. 2012, 112, 970–1000. [Google Scholar] [CrossRef] [PubMed]

	



Evans, J.D.; Sumby, C.J.; Doonan, C.J. Post-Synthetic Metalation of Metal-organic Frameworks. Chem. Soc. Rev. 2014, 43, 5933–5951. [Google Scholar] [CrossRef] [PubMed]

	



Hu, P.; Morabito, J.V.; Tsung, C.K. Core–Shell Catalysts of Metal Nanoparticle Core and Metal-Organic Framework Shell. ACS Catal. 2014, 4, 4409–4419. [Google Scholar] [CrossRef]

	



Fang, Y.; Li, J.; Togo, T.; Jin, F.; Xiao, Z.; Liu, L.; Drake, H.; Lian, X.; Zhou, H.C. Ultra-Small Face-Centered-Cubic Ru Nanoparticles Confined within a Porous Coordination Cage for Dehydrogenation. Chem 2018, 4, 555–563. [Google Scholar] [CrossRef]

	



Kinik, F.P.; Uzun, A.; Keskin, S. Ionic Liquid/Metal-Organic Framework Composites: From Synthesis to Applications. ChemSusChem 2017, 10, 2842–2863. [Google Scholar] [CrossRef] [PubMed]

	



Tranchemontagne, D.J.; Ni, Z.; O’Keeffe, M.; Yaghi, O.M. Reticular Chemistry of Metal-Organic Polyhedra. Angew. Chem. Int. Ed. Engl. 2008, 47, 5136–5147. [Google Scholar] [CrossRef]

	



Gosselin, A.J.; Rowland, C.A.; Bloch, E.D. Permanently Microporous Metal-Organic Polyhedra. Chem. Rev. 2020, 120, 8987–9014. [Google Scholar] [CrossRef]

	



Lee, J.; Lim, D.W.; Dekura, S.; Kitagawa, H.; Choe, W. MOP × MOF: Collaborative Combination of Metal-Organic Polyhedra and Metal-Organic Framework for Proton Conductivity. ACS Appl. Mater. Interfaces 2019, 11, 12639–12646. [Google Scholar] [CrossRef]

	



Qiu, X.; Zhong, W.; Bai, C.; Li, Y. Encapsulation of a Metal-Organic Polyhedral in the Pores of a Metal-Organic Framework. J. Am. Chem. Soc. 2016, 138, 1138–1141. [Google Scholar] [CrossRef]

	



Deng, H.; Grunder, S.; Cordova, K.E.; Valente, C.; Furukawa, H.; Hmadeh, M.; Gándara, F.; Whalley, A.C.; Liu, Z.; Asahina, S.; et al. Large-Pore Apertures in a Series of Metal-Organic Frameworks. Science 2012, 336, 1018–1023. [Google Scholar] [CrossRef]

	



Li, J.; Hou, Y.; Li, X.; Lü, H.; Hou, H. 1-D Helical Co(II) Metal-Organic Polymer: Synthesis, Structure, and Fluorescent Property. Synth. React. Inorg. Met. 2010, 40, 893–898. [Google Scholar] [CrossRef]

	



Rallapalli, P.B.S.; Raj, M.C.; Senthilkumar, S.; Somani, R.S.; Bajaj, H.C. HF-Free Synthesis of MIL-101(Cr) and Its Hydrogen Adsorption Studies. Environ. Prog. Sustain. 2016, 35, 461–468. [Google Scholar] [CrossRef]

	



Makhanya, N.; Oboirien, B.; Ren, J.; Musyoka, N.; Sciacovelli, A. Recent Advances on Thermal Energy Storage Using Metal-Organic Frameworks (MOFs). J. Energy Storage 2021, 34, 102179. [Google Scholar] [CrossRef]

	



Uyun, A.S.; Miyazaki, T.; Ueda, Y.; Akisawa, A. High Performance Cascading Adsorption Refrigeration Cycle with Internal Heat Recovery Driven by a Low Grade Heat Source Temperature. Energies 2009, 2, 1170–1191. [Google Scholar] [CrossRef]

	



Saha, B.B.; El-Sharkawy, I.I.; Chakraborty, A.; Koyama, S. Study on an Activated Carbon Fiber-Ethanol Adsorption Chiller: Part I–System Description and Modelling. Int. J. Refrig. 2007, 30, 86–95. [Google Scholar] [CrossRef]

	



De Lange, M.F.; van Velzen, B.L.; Ottevanger, C.P.; Verouden, K.J.; Lin, L.C.; Vlugt, T.J.; Gascon, J.; Kapteijn, F. Metal-Organic Frameworks in Adsorption-Driven Heat Pumps: The Potential of Alcohols as Working Fluids. Langmuir 2015, 31, 12783–12796. [Google Scholar] [CrossRef]

	



Alahmer, A.; Ajib, S.; Wang, X. Comprehensive Strategies for Performance Improvement of Adsorption Air Conditioning Systems: A Review. Renew. Sust. Energ. Rev. 2019, 99, 138–158. [Google Scholar] [CrossRef]

	



Saha, B.B.; El-Sharkawy, I.I.; Chakraborty, A.; Koyama, S. Study on an Activated Carbon Fiber-Ethanol Adsorption Chiller: Part II–Performance Evaluation. Int. J. Refrig. 2007, 30, 96–102. [Google Scholar] [CrossRef]

	



Tan, K.; Nijem, N.; Canepa, P.; Gong, Q.; Li, J.; Thonhauser, T.; Chabal, Y.J. Stability and Hydrolyzation of Metal Organic Frameworks with Paddle-Wheel SBUs upon Hydration. Chem. Mater. 2012, 24, 3153–3167. [Google Scholar] [CrossRef]

	



Karmakar, A.; Prabakaran, V.; Zhao, D.; Chua, K.J. A Review of Metal-Organic Frameworks (MOFs) as Energy-Efficient Desiccants for Adsorption Driven Heat-Transformation Applications. Appl. Energ. 2020, 269, 115070. [Google Scholar] [CrossRef]

	



Xia, X.; Li, S. Improved Adsorption Cooling Performance of MIL-101(Cr)/GO Composites by Tuning the Water Adsorption Rate. Sustain. Energ. Fuels 2023, 7, 437–447. [Google Scholar] [CrossRef]

	



Wang, S.; Xia, X.; Li, S. Cooling Performance of Metal Organic Framework-Water Pairs in Cascaded Adsorption Chillers. Appl. Therm. Eng. 2021, 189, 116707. [Google Scholar] [CrossRef]

	



Shi, B.; Al-Dadah, R.; Mahmoud, S.; Elsayed, A.; Elsayed, E. CPO-27(Ni) Metal-Organic Framework Based Adsorption System for Automotive Air Conditioning. Appl. Therm. Eng. 2016, 106, 325–333. [Google Scholar] [CrossRef]








[image: Nanomaterials 13 01147 g001 550] 





Figure 1. Structure of (a) MOP3 and (b) MIL-101(Cr). (c) The schematic illustration of construction for MOP/MIL-101(Cr). 
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Figure 2. Schematic diagram of (a) thermal dynamic cycle, (b) two-bed adsorption cooling system, (c) transient temperature, and (d) transient water uptake in ACS. 
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Figure 3. Structural characterization of MOP/MIL-101(Cr) composites. (a) SEM images, (b) PXRD patterns, (c) FT-IR spectra, (d) BET surface areas (SBET) and total pore volumes (Vp), (e) Pore size distributions (PSD). 
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Figure 4. (a) Water adsorption isotherms of MOP/MIL-101(Cr) composites at 303 K with the relative pressure ranges from 0.001 to 0.9. (b) Dynamic water adsorption curves of MOP/MIL-101(Cr) composites at 303 K and 30% relative humidity. 
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Figure 5. Relationship between (a) particle size (Rp), (b) pore size (D), (c) porosity (φ), (d) Henry’s constant (KH), and water adsorption rate (    v  ¯   ) of MOP/MIL-101(Cr) composites with different MOP3 content. 






Figure 5. Relationship between (a) particle size (Rp), (b) pore size (D), (c) porosity (φ), (d) Henry’s constant (KH), and water adsorption rate (    v  ¯   ) of MOP/MIL-101(Cr) composites with different MOP3 content.



[image: Nanomaterials 13 01147 g005]







[image: Nanomaterials 13 01147 g006 550] 





Figure 6. Relationship between (a) cyclic working capacity (Δqt), (b) water adsorption rate (    v  ¯   ), and SCP of MOP/MIL-101(Cr)-water working pairs at different MOP3 content. 
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Figure 7. Relationship between (a) SCP, total energy consumption (Qregen), (b) water adsorption rate (    v  ¯   ), and COPC of MOP/MIL-101(Cr)-water working pairs at different MOP3 content. 
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Figure 8. (a) Energy consumption for temperature rising of adsorbents (Qad), adsorbed water (Qw), and heat exchanger (Qhex) during the desorption process and energy consumption for water desorption (Qdes). (b) Relationship between cyclic working capacity (Δqt), the heat of adsorption (qst), and Qdes of MOP/MIL-101(Cr) composites with different MOP3 content. 
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Table 1. Heat capacity (Cp,ad) and heat of adsorption (qst) of MOP/MIL-101(Cr).
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	Adsorbents
	Cp,ad (kJ/K∙kg)
	qst (kJ/kg)





	MIL-101(Cr)
	1.31
	2603



	MOP/MIL-101(Cr)-5
	1.53
	2676



	MOP/MIL-101(Cr)-10
	1.55
	2815



	MOP/MIL-101(Cr)-15
	1.58
	2883



	MOP/MIL-101(Cr)-20
	1.62
	2954



	MOP/MIL-101(Cr)-35
	1.66
	3048
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Table 2. Temperature, mass flow, and cycle time of ACS.
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	Parameters
	Symbol
	Value





	Adsorption temperature
	Tads
	303 K



	Evaporation temperature
	Teva
	283 K



	Condensation temperature
	Tcon
	303 K



	Desorption temperature
	Tdes
	353 K



	Hot water mass flow
	mhot
	1.5 kg/s



	Cooling water mass flow
	mcooling
	1.5 kg/s



	Chilled water mass flow
	mchill
	1.0 kg/s



	Operating time
	to
	1000 s



	Switch time
	ts
	60 s
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