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Abstract

:

As a global freshwater shortage is imminent, solar-powered adsorption-based atmospheric water harvesting technology is gradually attracting people’s attention due to its environmental friendliness and many other advantages. Among the many adsorbents used in this technology, MOF-801 has a large adsorption capacity in a wide range of humidity. In the current field, carbon materials are usually added to improve the photothermal properties of MOF-801, but hybrid adsorbents made in this way usually weaken the adsorption performance of MOF-801. If the MOF-801/carbon material adsorbent is used as a base and mixed with hygroscopic salt, which also has good adsorption properties, the hygroscopic properties of MOF-801 can be improved and the drawback of hygroscopic salt, which is prone to be lost after absorbing water, can be ameliorated. In this study, a hybrid adsorbent combining MOF-801 with carbon black (CB) and LiCl was prepared, and the effects of carbon black and LiCl on the performance of the MOF-801 adsorbent were compared. The experiments showed that the adsorption capacity of the hybrid adsorbent obtained a significant enhancement after the addition of LiCl, which increased by 38.2% versus 112.3% compared with MOF-801 and MOF-801/CB.
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1. Introduction


With the growing population and the continuous economic and social development of mankind, many countries and regions of the world are currently facing a serious shortage of freshwater resources [1,2,3]. Against the backdrop of the global freshwater crisis, there is an urgent need for new technology that can feasibly to solve this problem. The solar-powered adsorption method for air water extraction can utilize the abundant light resources in arid regions to obtain large amounts of freshwater resources in the atmosphere. The principle is to use an adsorbent to absorb water vapor in the air, desorb the water and collect it under solar heating, and recycle the desorbed adsorbent again [4,5]. The moisture in the atmosphere is naturally replenished by the water cycle, so there is no disruption to the water vapor cycle or the natural environment. The water collected in the device is very clean and hygienic, and after simple treatment, it can be used for daily household or agricultural production. At the same time, compared with other air water extraction methods, the solar adsorption air water extraction method is not subject to power constraints and is suitable for a variety of extreme climates, has greater potential for application in a wide range of application scenarios, and has received a lot of attention from scholars.



The process of solar adsorption air water extraction systems is mainly divided into two phases of adsorption and desorption, which gave birth to the most basic system design in use today, taking into account night temperature differences in the desorption and adsorption of intermittent water extraction systems [6,7,8]. In contrast, continuous airborne water extraction systems perform the adsorption and desorption processes several times a day, and are an improvement upon and development of the intermittent system. Continuous systems can increase daily water production by allowing multiple cycles in a day. However, more stringent requirements are placed on the adsorbent, which not only needs to have a high adsorption capacity, but also needs to have both fast adsorption and desorption capacities and cycle stability. Therefore, the ideal adsorbent should have the characteristics of high moisture absorption, a fast moisture absorption speed, a wide working field (moisture absorption in a wide range of humidity can be increased with the increase in humidity), the ability to be driven by solar energy and other relatively low-temperature heat sources, efficient and rapid desorption, and a long cycle life.



Among many adsorbents, hygroscopic salts [7,9,10,11] have better water extraction performance; the ions in its crystal structure will interact with water molecules to form hydrogen bonding, thus adsorbing water molecules on the surface or internal structure. Kabeel et al. [12] used CaCl2 as an adsorbent for water extraction experiments, and their device could obtain a water production rate of up to 2.5 L/(day-m2) under ideal conditions. However, since it will dissolve in the water produced, the performance is difficult to regulate, is prone to system corrosion, etc. Srivastava et al. [13] proposed a method of encapsulating hygroscopic salt into other matrices by mixing LiCl with silica, which greatly limited the adverse effects caused by the dissolution of the salt in the device after the absorption of water, and obtained 115 mL/day at RH = 20% of the water withdrawal rate.



Meanwhile a novel material, MOFs (metal–organic frameworks), shows potential as an air water extraction adsorbent, with a pore structure and chemistry that can be tuned at the molecular level by different ligands [14,15,16,17]. This type of adsorbent has a large number of complex cavities, which allows it to maintain a high rate and amount of moisture absorption in low-temperature and arid environments. Yaghi et al. [16,18] in Science reported that the MOF-801 adsorbent possesses excellent adsorption characteristics, with the advantages of a fast desorption time and high cyclic stability. However, the desorption temperature of pure MOF-801 is extremely high and its solar energy utilization efficiency is low. In order for this adsorbent to be driven by solar energy and other low-temperature heat sources for air water extraction, scholars mixed MOF-801 with a variety of carbon-based materials to improve its photo-thermal properties, along with slightly reducing the saturated adsorption capacity, and they increased the adsorption and desorption efficiency and improved the amount of water produced. On this basis, if this MOF-801 hybrid adsorbent is used as a substrate and combined with hygroscopic salt, it is expected to develop a new type of composite adsorbent with a higher rate and amount of moisture absorption.



In this study, a composite adsorbent based on MOF-801, carbon black (CB), and LiCl was prepared with the objective of applying it in a continuous solar adsorption air water extraction system, and adsorbent performance testing experiments were established. The experiments verified that the adsorbent has excellent hygroscopic properties, and the hygroscopic performance is greatly improved compared with that of the MOF-801 adsorbent. The results showed that this adsorbent has great potential for application in solar air water extraction devices.




2. New Composite Adsorbent Preparation and Experimental Device Production


Composite adsorbents, which are novel adsorbents consisting of one or more materials, such as matrix plus hygroscopic salts [13,19,20], carbon materials, porous media [21,22], etc., have shown great potential in the last 20 years of development.



In the preparation of the hybrid adsorbent, MOF-801 and carbon black (CB) powder were firstly mixed thoroughly in a certain ratio to make an MOF-801/CB adsorbent in the form of black powder. Subsequently, the powder was immersed in LiCl solution, the MOF-801/CB and LiCl were mixed homogeneously by stirring and standing, and the MOF-801/CB-LiCl adsorbent was made after drying.



In these materials, CB is added to improve the photothermal properties of the materials so that they show better performance in the resolution process. Meanwhile, the MOF material was combined with LiCl to provide a good attachment environment for the salt with strong hygroscopicity, and at the same time, the hygroscopicity of the composite adsorbent and the stability of the salt were improved.



2.1. Parameters of the MOF-801/CB Substrate


For the fabrication of MOF-801/CB, 67:33 wt% was chosen as the specific gravity of the two components, a ratio that has been proven to be feasible in the Yaghi team study [16,18]. Depending on the laboratory conditions, wet ball milling was carried out using a ball-milling machine (QM-3SP04, NJU-instrument, Nanjing, China)to make a more homogeneous mixture of the two materials. CB and MOF-801 were ground and mixed in an agate ball-milling jar at a ratio of 67:33 wt%, and the grinding beads were zirconia beads with methanol as the dispersion. Subsequently, the mixed suspension was placed in a vacuum freeze-dryer (LYO QUEST-55, Telstar, Barcelona, Spain) and dried in a −40 °C environment for a period of 3 days to produce the substrate of the composite adsorbent. The appearance of the two powders, MOF-801 and MOF-801/CB, is demonstrated in Figure 1.



Both adsorbents were tested using the BET specific surface area and pore analysis(By a Micromeritics ASAP 2460, Micromeritics Instrument, Norcross, GA, USA) to analyze the effect of the added CB on the pore structure of MOF-801. From the test results, it was found that the BET specific surface area of MOF-801 was 511.49 ± 3.95 m2/g, while that of MOF-801/CB was 486.45 ± 7.59 m2/g. The adsorption average pore size of MOF-801 was 3.38 ± 0.009 nm, while that of MOF-801/CB was 4.26 ± 0.013 nm. It can be seen that the black CB improved the MOF-801’s photothermal properties, while the larger particle size of CB also better maintains the adsorption structure of the hybrid material, providing favorable conditions for the attachment of hygroscopic and hygroscopic salts. Figure 2 demonstrates the nitrogen adsorption/desorption curves of the two adsorbents at 77 K.



As can be seen in Figure 2, the adsorption of N2 in the low-pressure region of the relative pressure P/P0 (P/P0 ≤ 0.1) increases rapidly with the increase in the relative pressure, and the growth of the adsorption of N2 slows down after P/P0 > 0.1. The hysteresis loop for the adsorption of MOF-801/CB occurs at the position of P/P0 ≥ 0.4, and the hysteresis loop for the adsorption of MOF-801 occurs at the position of P/P0 ≥ 0.8. The results of the curves showed that both adsorbents possessed a large number of micropores and the distribution of the pore sizes was also wide, with a small number of mesopores present. And MOF-801/CB has higher porosity and a greater N2 adsorption capacity.




2.2. Preparation of MOF-801/CB-LiCl Adsorbent


After the MOF-801/CB was fabricated, it was fully mixed with LiCl by means of salt solution immersion. In order to avoid the influence of impurities such as alcohol in the adsorbent substrate on the experimental results, it was necessary to activate the MOF-801/CB before combining it with LiCl. An appropriate amount of MOF-801/CB was weighed and placed in a glass Petri dish, which was then put into a vacuum-drying oven at high temperature for 12 h. The temperature was set at 120 °C and the vacuum degree was set at 133 Pa to obtain sufficiently dried MOF-801/CB. Subsequently, different mass fractions of LiCl solutions were configured and prepared for mixing the two materials.



In the subsequent adsorption experiments, we found that the specific gravity of LiCl should not be too high when mixing the adsorbent. Although more salt will significantly enhance the moisture absorption of the composite adsorbent, such an adsorbent in the saturated state will not be able to maintain a more compact solid state due to the absorption of too much water, and even has a certain degree of mobility, which is not conducive to the design and maintenance of the air water extraction device. Therefore, we chose the mixing ratio of 1 g of MOF-801/CB mixed with 5 mL of LiCl solution with a mass fraction of 10%.



Subsequently, the mixed suspension was placed in a beaker and fully mixed by a magnetic rotor mixer(MS7-H550-Pro, DLAB, Beijing, China) at a speed of 1000 r/min and a mixing time of 2 h. The well-mixed suspension was allowed to stand at room temperature for 24 h to allow the materials to be well-mixed. Subsequently, the MOF-801/CB-LiCl suspension was placed in a Petri dish and dried at high temperature in a vacuum-drying oven for 24 h. The temperature was set to 80 °C and the vacuum was set to 133 Pa. As the drying time increased, the mass of the mixed adsorbent did not change any more, and the fully dried MOF-801/CB-LiCl adsorbent was obtained.




2.3. Structural and Elemental Analysis of Composite Adsorbents


In order to confirm the composition of the MOF-801/CB-LiCl composite adsorbent, as well as the interaction between the three materials, the microstructure and morphology of the composite adsorbent needed to be examined and characterized. The results of multiple analyses are shown in Figure 3.



As shown in Figure 3a, the indicated FTIR tests(By Nicolet iS20, Waltham, MA, USA) had a wave number range of 400 to 4000 cm−1, and the number of scans was 32 with a resolution of 4 cm−1. As shown in Figure 3, the FTIR spectra of the three adsorbents did not show significant differences in comparison with the peaks of MOF-801, which indicates that the functional groups of the composite adsorbents were basically the same as those of MOF-801.



The results of the XRD analysis(By Rigaku D MAX-2600, Tokyo, Japan) are shown in Figure 3b. Cu Kα was selected as the radiation source to characterize the activated MOF-801 and MOF-801/CB powders by X-ray diffraction. The data were collected at an angle of 5–90 degrees, and the acquisition rate was 2 degrees/min. The diffraction peaks of the three composite adsorbents and MOF-801 were basically the same, and the crystal structure of MOF-801 did not show any major changes after mixing.



Figure 3c,d show the elemental distribution of MOF-801/CB-LiCl as demonstrated by the SEM image with BDS analysis(By JSM-5600LV, JEOL, Tokyo, Japan). In the figure, MOF-801, which has a granular microstructure, and other materials mixed with it can be seen, and there are a large number of pore structures inside the composite adsorbent, which facilitates the attachment of LiCl and the absorption of water. In the BDS analysis, the distribution of various materials can be seen, and the results shown in the figure show that the mixing of various materials is relatively homogeneous.





3. Compound Adsorbent’s Adsorption Characteristics: Testing Experiments


In order to investigate the effect of the addition of LiCl on the adsorption characteristics of the adsorbent, MOF-801, MOF-801/CB, and MOF-801/CB-LiCl adsorbents of the same mass were taken, and the adsorption rate and saturated adsorption amount of the three adsorbents were compared with each other in order to evaluate the effect of the new adsorbent by selecting a certain air temperature (T) and humidity (RH) as variables. According to the amount of adsorbent produced, a Petri dish with an inner diameter of 35 mm was selected as the container when conducting the experiment, and 200 mg of each adsorbent sample was evenly spread on the bottom of the dish. The Petri dish with the adsorbent was placed on an analytical balance, and then the balance was placed in a constant-temperature and -humidity chamber(Aikosp, Jiangsu, China)for adsorption. The change in the mass of the adsorbent within the analytical balance was recorded during the adsorption process, and when the mass of the adsorbent ceased to change, it indicated that the adsorbent had been absorbed to saturation.



3.1. Hygroscopic Properties of Composite Adsorbents


In order to compare the adsorption characteristics of the three adsorbents, three groups of samples were successively adsorbed to saturation at a temperature of T = 25 °C and a relative humidity of RH = 20%, and the experimental results are shown in Figure 4. Among these three materials, MOF-801 was almost saturated after 9600 s, with a mass change of 22.8% and an adsorption amount of 0.228 Kg of water per kg of MOF, which is recorded as 0.219 kg/kg, similar properties to those of MOF-801 reported by Yaghi et al. [16,18]. MOF-801/CB was saturated at 7200 s, with a mass change of 14.9% and an adsorption amount of 0.149 kg/kg, while MOF-801/CB-LiCl was saturated after 10,800 s, with a mass change of 31.6% and an adsorption capacity of 0.316 kg/kg.



Each group of experiments was repeated three times and the average value was taken as the experimental result. Due to the difference in water absorption properties, after error analysis, the uncertainties of the three adsorbents, MOF801, MOF-801/CB, and MOF801/CB-LiCl, were 0.21%–0.41%, 2.17%–0.43%, and 0.71%–1.41%, respectively.



It can be seen that the addition of CB improved the adsorption rate of the adsorbent in the early stage of adsorption, but the effect on the microstructure of MOF-801 made the maximum moisture adsorption of the adsorbent decrease by 34.9%. After the addition of LiCl, which improves absorption characteristics, the adsorption capacity and adsorption rate of the adsorbent were greatly improved compared to the other two adsorbents, with an increase of 38.2% compared to MOF-801 and 112.3% compared to MOF-801/CB under the conditions of T = 25 °C and RH = 20%.




3.2. Effect of Temperature and Humidity on the Adsorption Characteristics of Composite Adsorbents


The ability to adsorb over a wide range of humidity intervals is an important indicator for evaluating adsorbent performance. In order to investigate the effect of different humidity levels on the moisture adsorption characteristics of the composite adsorbent compared to the hybrid adsorbents, MOF-801, MOF-801/CB, and MOF-801/CB-LiCl were placed in a constant-temperature and -humidity chamber for adsorption experiments, with the settings of T = 25 °C and RH = 20%, 40%, 60%, and 80%, and the change in the mass of the adsorbent was recorded until it reached saturation. The experimental results are shown in Figure 5.



It can be seen that the saturated adsorption capacity of the three adsorbents gradually increased with the increase in humidity when the temperature was constant at 25 °C, and the adsorption rate was accelerated and the time required to reach saturation was reduced. For MOF-801, its adsorption characteristics were optimal at T = 25 °C and RH = 80%. As shown in Figure 5a, MOF-801 was adsorbed to saturation after 6600 s, and the saturated moisture absorption was 0.279 kg/kg.



As shown in Figure 5b,c, MOF-801/CB was adsorbed to saturation after 5400 s with a saturated moisture uptake of 0.174 kg/kg, while MOF-801/CB-LiCl was adsorbed almost to saturation after 10,200 s with a saturated moisture uptake of 1.029 kg/kg, also in the environment of T = 25 °C and RH = 80%. In summary, for all three adsorbents, higher humidity is favorable to increase their adsorption capacity. The saturated adsorption amount of MOF-801/CB-LiCl is higher than that of the other two adsorbents at each humidity.



The ambient temperature will also have a great influence on the performance of the adsorbent. In order to investigate the adsorption characteristics of the composite adsorbents under different temperatures in detail, adsorption tests were carried out on MOF-801, MOF-801/CB, and MOF-801/CB-LiCl successively. The environmental parameters were set as RH = 60% and T = 5 °C, 15 °C, 25 °C, and 35 °C; the change in the working mass of the adsorbent was recorded until it reached saturation; and the experimental results are shown in Figure 6.



From the experimental results, it can be seen that the saturated adsorption capacity of the three adsorbents gradually increased with decreasing temperature at constant humidity, the adsorption rate was accelerated, and the time required to reach saturation was reduced. For MOF-801, its adsorption characteristics were optimal at RH = 60% and T = 5 °C. As shown in Figure 6a, MOF-801 was adsorbed to saturation after 6000 s, and the saturated moisture absorption was 1.318 kg/kg.



As shown in Figure 6b,c, MOF-801/CB was adsorbed to saturation after 4800 s with a saturated moisture adsorption of 0.183 kg/kg, while MOF-801/CB-LiCl was adsorbed to saturation after 11,400 s with a saturated moisture adsorption of 1.029 kg/kg, also in an environment with RH = 60% and T = 5 °C. In summary, for the three adsorbents, lower temperatures are favorable to improve their adsorption capacity. Meanwhile, the saturated adsorption amount of MOF-801/CB-LiCl was higher than that of the other two adsorbents at all temperatures.



The kinetic constants for water vapor adsorption of the three adsorbents at different temperatures were calculated using the first-order equation of mt = m0(1 − e−kt), where m0 is the average moisture adsorption and t is the adsorption time, and the results are shown in Table 1. From the table, it can be seen that the temperature greatly affects the performance of the three adsorbents.





4. Experimental Study of Desorption Characteristics of New Composite Adsorbents and Water Intake Analysis


4.1. Desorption Characterization Experiment


The ability to fully desorb determines the water production capacity of the adsorbent. In order to facilitate the desorption performance test of the adsorbent, a water extraction experimental setup as shown in Figure 7 was fabricated according to the size of the Petri dish in the experiment.



The device consists of two parts, the top and bottom, which are assembled in the center by means of threads for easy disassembly for sample processing. The threaded joints are sealed by gaskets to maintain a tight seal inside the device during the desorption process. The outer wall is made of acrylic material, which ensures the structural strength and facilitates the processing of the structure; has a high thermal resistance and light transmission capacity to ensure that the Petri dish is fully illuminated during the experimental process; and reduces the heat exchange between the outer wall and the surrounding environment to maintain the stability of the temperature of the samples in the Petri dish. The bottom of the device was sealed with acrylate adhesive and an aluminum sheet, and a plastic holder was used to separate the Petri dish from the bottom of the device. When desorption experiments were conducted, the device was placed on a temperature-controlled cold source to facilitate the full heat exchange between the bottom surface and the cold wall, so that the resolved water vapor could condense quickly at the bottom of the device without affecting the temperature of the adsorbent in the Petri dish, and the condensation effect of the water-cooled wall in the process of desorption is demonstrated in Figure 8.



To prepare for the desorption experiments, the three adsorbents were first adsorbed to saturation at RH = 60% and T = 25 °C, and then sealed in a desorption vessel. A xenon lamp with a 1.5 AM filter was used to simulate solar illumination in a constant-temperature chamber, and desorption experiments were carried out on the three adsorbents successively, with the radiation intensity set at E = 1 kW/m2. The proportion of water precipitated during the desorption process was recorded to evaluate the desorption performance of the three adsorbents, and the results of the experiments are shown in Figure 9.



From the experimental results, it can be seen that the desorption rate of both MOF-801/CB and MOF-801/CB-LiCl is superior to that of the MOF-801 adsorbent alone due to the improved photothermal properties of the adsorbent by CB. The adsorption as well as the water yield of MOF-801/CB-LiCl was greatly improved compared to that of MOF-801/CB after the addition of LiCl. Linear fitting shows that the desorption rates of the three adsorbents were 1.78%, 4.45%, and 2.89% per minute for the first 15 min, respectively.




4.2. Evaluation of the Performance of Composite Adsorbents for Water Intake


Based on the above experiments, the performance of the MOF-801/CB-LiCl composite adsorbent in an intermittent air water extraction unit was estimated to evaluate the potential of its application. Estimation of the average daily water withdrawal (W) of the adsorbent is shown in Equation (1):


  W =    T 0     T d  +  T a    ×    m w     m a     



(1)







In the above equation, T0 is the effective sunshine duration, assumed to be 12 h; Ta = 125 min is the length of one adsorption of the device; Td = 20 min is the length of one desorption of the device; mw is the amount of water extracted from a single cycle of the device; and ma is the mass of adsorbent in the device.



Combined with the adsorption kinetic parameters, 2.21 kg of fresh water per kg of the MOF-801/CB-LiCl adsorbent can be accessed per day if adsorbed at RH = 60% and T = 15 °C and subsequently desorbed at a solar irradiation intensity of E = 1 kW/m2.



A comparison of the average daily water production of the intermittent air water extraction device based on the MOF-801/CB-LiCl composite adsorbent and other air water extraction devices is shown in Figure 10, which indicates that the water extraction of this device(In the red box) is higher than most adsorbents, such as silica gel, hygroscopic salt (CaCl2), and MOF-801, but still lower than hydrogel PAN fiber membranes. However, the preparation and processing of hydrogel PAN fiber membranes based on the modification of the microscopic molecular structure is complicated, the yield needs to be improved, and the stability needs to be further verified. Therefore, the MOF-801/CB-LiCl composite adsorbent, which is only physically mixed, shows better application potential due to the advantages of a higher average daily water yield, simple processing, and good stability.





5. Conclusions


In this paper, a new composite adsorbent, MOF-801/CB-LiCl, was prepared by using MOF-801/CB as a substrate and enhancing the adsorption capacity of the adsorbent by the addition of LiCl. Compared to the basic MOF-801 and MOF-801/CB adsorbent, excellent adsorption and desorption characteristics are also ensured while maintaining the photothermal properties. The following conclusions were drawn from various experimental studies of the new composites:




	(1)

	
The saturated adsorption capacity of MOF-801/CB-LiCl was enhanced by 38.2% and 112.3% compared with that of MOF-801 and MOF-801/CB, respectively, showing that it has high potential for application.




	(2)

	
Higher humidity and lower temperature were favorable to enhance the adsorption capacity of MOF-801/CB-LiCl, and this new adsorbent showed good adsorption characteristics in a wide range of humidity.




	(3)

	
MOF-801/CB-LiCl also has excellent desorption characteristics, which comprehensively enhance the water production capacity of MOF-801. In a continuous solar water removal system, an estimation of 2.21 kg of fresh water per kg of MOF-801/CB-LiCl adsorbent accessible per day was obtained. It has a large advantage over many adsorbents.
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Figure 1. Form of MOF-801 and MOF-801/CB. 
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Figure 2. The N2 sorption isotherms at 77 K of MOF-801 and MOF-801/CB. 
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Figure 3. Structural and elemental analysis results of adsorbents: (a) FTIR images of three adsorbents; (b) XRD images of three adsorbents; (c) SEM image of MOF-801/CB-LiCl; (d) elemental distribution within MOF-801/CB-LiCl obtained by BDS analysis. 
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Figure 4. Comparison of adsorption characteristics of three adsorbents. 






Figure 4. Comparison of adsorption characteristics of three adsorbents.



[image: Coatings 14 00472 g004]







[image: Coatings 14 00472 g005a][image: Coatings 14 00472 g005b] 





Figure 5. Mass change curves of the three adsorbents when adsorbed at different humidities: (a) MOF-801; (b) MOF-801/CB; (c) MOF-801/CB-LiCl. 
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Figure 6. Mass change curves of the three adsorbents for adsorption at different temperatures: (a) MOF-801; (b) MOF-801/CB; (c) MOF-801/CB-LiCl. 
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Figure 7. Structure of the desorption vessel. 
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Figure 8. Condensation on desorption vessel cooling walls. 
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Figure 9. Desorption curves of three adsorbents. 
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Figure 10. Average daily water production of atmospheric water harvesting driven by solar energy [13,14,18,23,24,25,26]. 
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Table 1. Kinetics (k) of water adsorption for the three adsorbents at variable temperatures.






Table 1. Kinetics (k) of water adsorption for the three adsorbents at variable temperatures.











	
	MOF-801
	MOF-801/CB
	MOF-801/CB-LiCl





	5 °C
	k = 0.0311
	k = 0.0322
	k = 0.0198



	15 °C
	k = 0.0328
	k = 0.0361
	k = 0.0226



	25 °C
	k = 0.0446
	k = 0.0461
	k = 0.0303



	35 °C
	k = 0.0506
	k = 0.0561
	k = 0.0413
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