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Abstract. 
The Cu-BTC, a widely studied metal-organic framework (MOF), has been applied in various fields such as gas adsorption, separation, storage, and catalysis. However, the Cu-BTC collapses due to the replacement of the organic linker by water molecules under humid conditions, which limits its practical application in industries. In consideration of the undesirable water effect on the framework stability of Cu-BTC, a stable activated carbon (AC) was incorporated into it by the in situ method to yield a composite material AC/Cu-BTC with high water stability. XRD and SEM patterns proved that the AC7%/Cu-BTC successfully retains its crystal structure after being exposed to water molecules. The adsorption amount of n-hexane vapor of the AC7%/Cu-BTC after water vapor adsorption-thermal desorption is 307% of that of the Cu-BTC. The addition of the AC changes the adsorption active sites and reduces the strong affinity of the Cu-BTC to water molecules, resulting in the AC7%/Cu-BTC having a much lower adsorption rate for water vapor than the Cu-BTC. Therefore, the AC7%/Cu-BTC can be protected from a large amount of water molecules and avoid structural collapse caused by the disconnection between the copper center and the organic linker. The composite displays a potential value for stable applications of MOF-based materials under ambient conditions.

1. Introduction
The continuously increasing amount of volatile organic compounds (VOCs) due to the exploitation, storage, refining, transport, and usage of fossil fuels has severely threatened human health and the ecological environment [1–3]. VOCs include alkanes, aromatics, and organic alcohols. Usually, n-hexane is regarded as a representative of alkanes [4]. While the search for alternative clean energy sources continues, developing new adsorbents for VOC adsorption and sequestration is still necessary and has significant impact on controlling VOCs. Metal-organic frameworks (MOFs) have been recognized as promising porous materials for high specific surface area, large pore volume, and good thermal stability [5–7], and have been applied in various fields such as gas storage, separation/adsorption, and catalysis [8–12]. The multiple options for the metal centers and linkers enable the rational design and synthesis of MOF structures to achieve enhanced adsorption capacities [13]. Within the class of MOFs, copper-benzene-1,3,5-tricarboxylate (Cu-BTC), also known as HKUST-1 [14], is a well-studied structure, which has shown promising performance for VOC adsorption. With minimized water exposure, the Cu-BTC has high adsorption capacities [15–17], exceeding 0.65 cm3·g-1 for methanol, acetone, acetonitrile, n-hexane, and m-xylene.
Water vapor is inevitable in industrial applications, especially during the VOC recovery process, which must be taken into account [18] when selecting the adsorbent for the adsorption separation and purification system. MOF behavior in the presence of water plays a significant role when considering these materials for adsorption applications. Although the Cu-BTC has certain water stability, it is sensitive to humid streams, leading to dynamic deformation of its porous structure. Molecules with high dipole moments, such as water [19], are preferentially adsorbed in cages containing the open metal sites. Under humid condition, water displaces the organic linkers from the copper centers, causing the collapse of the Cu-BTC.
At present, a number of groups are concentrating on improving the water stability of MOFs. The most widely used solutions are incorporating chemicals to introduce new groups to protect Cu sites. There are several approaches to improve the water stability of MOFs. Lin et al. [20] proposed a postsynthetic strategy to introduce acetonitrile (ACN) into the Cu-BTC to form ACN/Cu-BTC, which completely inhibited the water-induced adsorptive capacity degeneration. In addition to utilizing hydrophobicity as a barrier to exclude water from entering the pore on the external crystal surface, it is a good alternative to introduce hydrophobic groups on the inner surface of the structure. Gutiérrez-Sevillano et al. [21] suggested that the hydrophobic groups can be used to shield the weakest point of the structure to improve the water stability of the framework. Li et al. [22] proposed a strategy that the Cu-BTC was functionalized with imidazole (IMI) for enhancing its steam stability using a new ultrafast room temperature synthesis method. Yu et al. [23] used copper nitrate as the metal ion source and BTC-(n)Br as an organic ligand and successfully synthesized a new type of hydrophobic adsorbent, Cu-BTC-(n)Br, by the hydrothermal method, which shows distinguished hydrophobicity and remarkable adsorption effectivity under aqueous circumstance.
All the above-mentioned approaches for improving the water stability of the Cu-BTC need to introduce chemicals, which are generally toxic or unfriendly to the environment and humans. In view of these shortcomings, this study tried to seek other environment-friendly alternatives. AC is one of the earliest and widest applied conventional adsorbents with stable performance and corrosion resistance. The AC is hydrophobic and it has a nonpolar surface with affinity for organic matter [24]. Traditional and new adsorbents have their own advantages and disadvantages and combing them together may produce unexpected results. Azad et al. [25] prepared AC-HKUST-1 by ultrasonic-assisted hydrothermal method and applied the obtained product for the simultaneous ultrasound-assisted removal of crystal violet (CV), disulfide blue (DSB), and quinoline yellow (QY) dyes in their ternary solution. Esfandiari et al. [26] investigated the effect of incorporating AC as a void space filling agent in the Cu-BTC structure on hydrogen uptake.
In this work, we creatively combined the traditional adsorbent AC with the new adsorbent Cu-BTC utilizing the in situ hydrothermal method, greatly improving the water stability of the Cu-BTC. Activated carbon itself has adsorption properties, which can adsorb Cu2+ and change the active sites of the Cu-BTC, reducing its affinity for water. A series of AC/Cu-BTCs with different AC contents were prepared. Scanning electron microscopy (SEM) was used to observe the changes of the macroscopic structure. The moisture stability of AC/Cu-BTC was evaluated by the XRD analysis, measuring the samples before and after being exposed to humidity for 2 months. The n-hexane vapor adsorption capacities of the Cu-BTC and AC/Cu-BTC before and after adsorbing-heat desorbing water vapor were also studied under room temperature and atmospheric pressure. At the same time, the water vapor adsorption and desorption rates were investigated.
2. Materials and Methods
2.1. Materials
Copper (II) nitrate trihydrate (Cu(NO3)2·3H2O, 99.5%) was purchased from Nicechem, and benzene-1,3,5-tricarboxylic acid (BTC, 95%) was obtained from Aladdin. Ethanol (absolute) and N,N-dimethylformamide (DMF) were provided by Guoyao Chemicals Co. Ltd. Activated carbon (MZ02) was acquired from Fujian Xinsen Carbon Co. Ltd. All materials were used as received without further purification.
2.2. Synthesis of the Cu-BTC and AC/Cu-BTC
The general procedure of preparing the Cu-BTC using hydrothermal synthesis was based on the method reported by Rowsell and Yaghi [27], with a slight change. 2.078 g copper (II) nitrate trihydrate and 15 mL distilled water were mixed and stirred evenly. 1.002 g BTC was dissolved in 30 mL mixture of ethanol and DMF in 1 : 1 vol% with stirring. Then, the two solutions were mixed and stirred for 10 min with a magnetic stirrer. The mixture was then transferred into a 100 mL Teflon-lined stainless steel autoclave and heated in an oven at 373 K for 10 h. After cooling to room temperature normally, the solution was centrifuged and some blue solid product was attained. The solid was washed with ethanol to remove unreacted materials, activated for one day, and then dried at 353 K for 6 h.
To obtain the AC/Cu-BTC, the Cu-BTC parent solution was fully mixed with the AC by the in situ method. A certain amount of the AC powder in some AC/Cu-BTC ratio was mixed with the parent solutions and stirred for 0.5 h until mixed evenly, named AC5%/Cu-BTC, AC7%/Cu-BTC, and AC10%/Cu-BTC. Then, the resulting dark blue mixture was transferred into a 100 mL Teflon-lined stainless steel autoclave and heated at 373 K for 10 h. The reactor was cooled to room temperature after synthesis, crystallizing and producing blue powder. The powder was then filtered, washed, and activated thoroughly with ethanol for one day. The product was finally dried for 6 h in an oven at 353 K.
2.3. Characterizations of the AC/Cu-BTC
X-ray diffraction (XRD) was recorded on a MAX2500 X-ray diffractometer with Cu Ka emission at room temperature with a scan speed of 2° min-1 and a step size of 0.02°. Scanning electron microscopy (SEM) analyses were carried out using a ZEISS SUPRA-55 emission scanning electron microscope with a high voltage mode of 15 kV. The FT-IR spectra of compounds were recorded on a Thermo Fisher /IS50 instrument. N2 isotherms at 77 K were obtained with an automated gas sorption analyzer (Quantachrome). The degassing was carried out at 423 K overnight under vacuum prior to the measurement. Thermogravimetric analyses (TGA) were carried out with a METTLER thermogravimetric analyzer. The temperature range was 303 to 800 K with a heating rate of 10 K·min-1 in a nitrogen atmosphere (50 mL·min-1).
2.4. Water and n-Hexane Vapor Adsorption
The adsorption capacities of the AC/Cu-BTCs and Cu-BTC on hexane vapor were tested with a thermogravimetric analyzer (TGA/DSC3+, METTLER), which can determine the adsorption capacity and heat of adsorption at the same time. The water and n-hexane were diluted with nitrogen (99.999%) under atmospheric pressure. Samples which have been produced for a period of time were taken 8 to 10 mg and placed in 150 μL ceramic crucibles. All samples were treated at 423 K for 1 h before measurement. In order to be consistent with industrial adsorption conditions, the adsorption temperature was set as 303 K and the pressure was atmospheric. A thermogravimetric analyzer can keep the adsorption temperature constant. The sample firstly adsorbed water at 50 mL·min-1. After the water adsorption, it was thermally desorbed at 423 K, and then the n-hexane was adsorbed under the same conditions.
3. Results and Discussion
3.1. Characterizations of the AC/Cu-BTC
Figure 1(a) compares the N2 isotherms of the Cu-BTC and AC/Cu-BTCs at 77 K. The N2 isotherms of the selected AC contain a hysteresis loop, meaning the presence of mesopores. The synthesis process is carried out at a certain temperature, pressure, and acidity. Under these conditions, a sufficient amount of the AC has a nonnegligible effect on the crystallization of the Cu-BTC, such as plugging its pores and introducing mesopores. The surface area parameters of the samples are listed in Table 1, which were calculated with the built-in software of Quantachrome. The results in Table 1 indicate that the specific surface areas of the AC/Cu-BTCs are lower than that of the pristine MOF. This can be attributed to the introduction of the AC.
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Figure 1: (a) N2 isotherms at 77 K; (b) FT-IR of the Cu-BTC and AC/Cu-BTCs.


Table 1: Surface area parameters of the Cu-BTC and AC/Cu-BTCs.
	

	Sample	BET surface area (m2·g-1)	Langmuir surface area (m2·g-1)	AC content
	

	Cu-BTC	1663	1902	/
	AC	1420	1960	/
	AC5%/Cu-BTC	1404	1620	16.73%
	AC7%/Cu-BTC	1469	1715	23.90%
	AC10%/Cu-BTC	1339	1413	22.97%
	



FT-IR was conducted to analyze the functional groups present in the Cu-BTC and their status after the incorporation of the AC into the Cu-BTC. FT-IR patterns of the AC, Cu-BTC, and AC/Cu-BTC are shown in Figure 1(b). FT-IR indicates that there is no new functional group formation between the AC and the Cu-BTC. FT-IR spectra of the Cu-BTC show a broad bond at 3423 cm-1 and 1374 cm-1 corresponding to hydrogen-bonded –OH stretching and bending vibrations, thanks to the adsorbed water on the surface of the samples. The AC is less hydrophilic than the Cu-BTC. Water molecules have large dipole moments and therefore have a strong affinity for the copper center. Under humid condition, water molecules displace the organic linkers from the copper centers, causing the collapse of the Cu-BTC framework [5].
The XRD patterns of the fresh Cu-BTC and AC/Cu-BTCs are shown in Figure 2(a). All three composites have similar characteristic peaks as the Cu-BTC, suggesting that the AC/Cu-BTCs maintain the microstructure of the Cu-BTC. The variations in intensities of the different diffraction peaks can be attributed to the degree of hydration of different samples, which is due to the Cu-BTC being able to rapidly adsorb moisture from the air. In addition, the presence of the AC also has a negligible effect on the water adsorption rate of the Cu-BTC, which contributes to the difference of the diffraction peaks.
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Figure 2: (a) XRD patterns of the fresh AC/Cu-BTC; (b) XRD patterns of the AC/Cu-BTCs exposed to moisture for two months.


The SEM images in Figure 3 reveal the morphologies of the AC/Cu-BTCs. It can be seen that the AC5%/Cu-BTC and AC7%/Cu-BTC have little change in morphology compared with the Cu-BTC, while the AC10%/Cu-BTC crystals are stacked and adhered. When the added AC content is over a certain amount, it would lead to much larger crystal size and close packing of the Cu-BTC crystal. The AC is an amorphous carbon with no much functional groups on the surface, which can provide a place for strong binding interactions for nucleation, growth, and adhesion of MOF crystals.
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Figure 3: SEM images of the samples: (a) Cu-BTC, (b) AC5%/Cu-BTC, (c) AC7%/Cu-BTC, and (d) AC10%/Cu-BTC.


The actual AC percentages in the composites are calculated via TGA results, and the equations are as follows:
where  and  are the actual weight percentages of the Cu-BTC and the AC in the composites, respectively.  is the actual weight percentage of the residue in composites, and 0.2881 and 0.7683 are the weight fractions of the residue of the pure Cu-BTC and AC, respectively. The results are presented in Figure 4 and Table 1. The calculation results indicate that AC5%/Cu-BTC contains the least amount of AC and AC7%/Cu-BTC contains the most. The possible reason is that the AC impacts the crystallization process of the Cu-BTC and thus affects the productivity. Excessive AC hinders the formation of the Cu-BTC crystals, causing some of the reactants to not react and be washed away during the cleaning process. Therefore, the actual AC content of AC10%/Cu-BTC is lower than that of AC7%/Cu-BTC.




			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
			
			
			
			
			
			
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
		
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
		Figure 4: TGA of the AC/Cu-BTCs.


3.2. Improved Water Stability of the AC/Cu-BTC
Lin et al. and Li et al. [20, 22] reported that the Cu-BTC lost most of its crystallinity after several days’ exposure in moisture. Considering these and some conditions of the VOC recovery, the AC/Cu-BTCs have been exposed to humidity for 2 months under ambient conditions. The XRD patterns of the samples after being exposed to humidity for 2 months are exhibited in Figure 2(b). The characteristic peaks of AC/Cu-BTCs at , 9.5°, 11.5°, and 13.4° are recognizable, suggesting the AC/Cu-BTCs maintain the microstructure. Contrary to the experimental results of Lin et al. and Li et al., the Cu-BTC synthesized in this work still retains its characteristic peaks, which probably can be attributed to the difference in solvent concentration, reaction temperature, and time. Merely investigating the effect of humidity on the XRD of the AC/Cu-BTCs is not sufficient to demonstrate the effect of the AC on the water stability of the Cu-BTC.
The n-hexane vapor adsorption curves of the fresh and used Cu-BTC and AC/Cu-BTCs are compared to further evaluate their water stability. Figure 5 and Table 2 present n-hexane vapor adsorption curves before and after adsorbing water. The n-hexane vapor adsorption capacity of the Cu-BTC is 3.52 mmol·g-1, which only retains 0.65 mmol·g-1 after adsorbing water vapor, while the AC7%/Cu-BTC preserves 81% of its initial n-hexane vapor adsorption capacity, from 2.47 mmol·g-1 to 2.00 mmol·g-1, which is 307% of that of the Cu-BTC. The AC has excellent water stability, and the adsorption capacity to n-hexane vapor is almost unchanged after undergoing water vapor adsorption. Simultaneously, both AC5%/Cu-BTC and AC10%/Cu-BTC after water vapor adsorption have much higher adsorption capacities than the Cu-BTC.
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Figure 5: (a) n-Hexane vapor adsorption of the fresh AC/Cu-BTCs and (b) n-hexane vapor adsorption of the AC/Cu-BTCs after adsorbing-heat desorbing water vapor.


Table 2: n-Hexane vapor adsorption of the Cu-BTC and AC/Cu-BTCs.
	

	Sample	Fresh (mmol·g-1)	Used (mmol·g-1)
	

	Cu-BTC	3.52	0.65
	AC	5.25	5.17
	AC5%/Cu-BTC	2.83	1.35
	AC7%/Cu-BTC	2.47	2.00
	AC10%/Cu-BTC	2.45	1.27
	


The used adsorbents herein mean that the adsorbents had firstly adsorbed the water vapor and then were desorbed by heat under the N2 atmosphere.


The AC provides a place for strong binding interactions for nucleation, growth, and adhesion of the Cu-BTC crystals, which has an influence on its surface area parameters. As a result, the specific surface area of Cu-BTC is reduced and the original n-hexane adsorption capacity is reduced. The selected AC is hydrophobic and water stable, which was well inherited by the AC/Cu-BTC, especially the AC7%/Cu-BTC, retaining most of the adsorption capacity of the Cu-BTC for n-hexane vapor.
From the FT-IR results, no new functional groups were generated between the AC and the Cu-BTC, excluding the influence of hydrophobic functional groups. However, the water stability of the AC/Cu-BTC is indeed improved, which is manifested by the fact that the amount of n-hexane after water adsorption is much higher than that of the Cu-BTC. Therefore, the AC definitely has effects on Cu-BTC. According to the adsorption results, we speculated that the presence of the AC alters the adsorption active sites of the Cu-BTC for water and weakens its hydrophilicity. If so, the water adsorption rate and desorption temperature of the AC7%/Cu-BTC must be lower than those of the Cu-BTC.
The water vapor adsorption and desorption rates of the AC7%/Cu-BTC are shown in Figure 6. It can be seen from Figure 6(a) that the maximum water adsorption capacity of the Cu-BTC is 22 mmol·g-1 and 1.9 mmol·g-1·min-1, while that of the AC7%/Cu-BTC is 14 mmol·g-1 and 1.1 mmol·g-1·min-1, meaning that the Cu-BTC has a significantly stronger affinity to water than the AC7%/Cu-BTC. In addition, Figure 6(b) indicates that the water desorption rate of the AC7%/Cu-BTC is greater than that of the Cu-BTC. Under the same temperature condition, the AC7%/Cu-BTC can quickly remove large amounts of water molecules. Therefore, it can be concluded that the addition of the AC reduces the hydrophilicity of the Cu-BTC.
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Figure 6: (a) Water vapor adsorption rate of the Cu-BTC and AC7%/Cu-BTC and (b) water desorption of the Cu-BTC and AC7%/Cu-BTC.


The SEM images in Figure 7 display the structure of the Cu-BTC and AC7%/Cu-BTC after water adsorption. It can be seen from Figure 7 that the Cu-BTC framework collapses after water vapor adsorption. Figure 8 explains the mechanism of how the AC protects the crystal structure. The Cu-BTC is sensitive to humid streams in that water can displace the organic linkers from the copper centers and its porous structure dynamically collapses at certain temperature and various relative humidity values, contributing to the irreversible decomposition of the Cu-BTC framework. As a consequence, the adsorption capacity inevitably deteriorates [5, 21]. However, the AC7%/Cu-BTC still maintains its crystal structure; only the surface is eroded by water. The AC does improve the water stability of the Cu-BTC. The possible reason is that the adsorption active sites of the AC7%/Cu-BTC are different from those of the Cu-BTC, which may be distributed on the surface. Thus, the affinity and bonding to water molecules of the AC7%/Cu-BTC is decreased, protecting the structure from being destroyed by water molecules.
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Figure 7: SEM images of the samples after adsorbing-heat desorbing water: (a) Cu-BTC; (b) AC7%/Cu-BTC.






		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
		Figure 8: The mechanism of how the AC protects the crystal structure.


Figure 8 describes the mechanism of how the AC protects the crystal structure of the Cu-BTC. The Cu-BTC is hydrophilic in that it can quickly adsorb a large amount of water molecules, which can replace the organic linker, leading to the collapse of the Cu-BTC. The participation of the AC relieves the damage of water to the Cu-BTC. The AC7%/Cu-BTC inherits the hydrophobic properties of the AC and weakens the affinity of the Cu-BTC to water molecules. In addition, a large amount of water molecules can rapidly penetrate the Cu-BTC crystal. The presence of the AC slows down this process and reduces the adsorption rate of the Cu-BTC on water molecules, so that water molecules can only erode its surface instead of penetrating the Cu-BTC crystal. Therefore, the AC7%/Cu-BTC can preserve its crystal structure.
4. Conclusions
In summary, a new strategy was proposed to improve the water stability of the Cu-BTC by incorporating the AC into it with the in situ method. The AC successfully improved the water stability of the Cu-BTC. The AC7%/Cu-BTC retained its crystal structure intact after exposure to humid air for two months. The adsorption capacity of the AC7%/Cu-BTC for n-hexane under ambient conditions is slightly lower than that of the Cu-BTC. Interestingly, the adsorption capacity of AC7%/Cu-BTC for n-hexane is three times that of the Cu-BTC after water adsorption. Furthermore, the presence of AC reduces the adsorption rate of the Cu-BTC to water and weakens the damage of the Cu-BTC macrostructure by water molecules. The enhanced water resistance stability is promising for MOF adsorbents in moisture applications.
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