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Abstract

:

HKUST-1 is a metal-organic framework (MOF) that is widely studied as an adsorbent for CO2 capture because of its high adsorption capacity and good CO2/CH4 selectivity. However, the numerous synthesis routes for HKUST-1 often result in the obtention of MOF in powder form, which limits its application in industry. Here, we report the shaping of HKUST-1 powder via the extrusion method with the usage of bio-sourced polylactic acid (PLA) as a binder. The characterization of the composite was determined by XRD, FTIR, TGA and SEM analyses. The specific surface area was determined from the N2 adsorption isotherm, whereas the gas adsorption capacities were investigated via measurements of CO2 and CH4 isotherms of up to 10 bar at ambient temperature. The material characterization reveals that the composite preserves HKUST-1’s crystalline structure, morphology and textural properties. Furthermore, CO2 and CH4 adsorption isotherms show that there is no degradation of gravimetric gas adsorption capacity after shaping and the composite yields a similar isosteric adsorption heat as pristine HKUST-1 powder. However, some trade-offs could be observed, as the composite exhibits a lower bulk density than pristine HKUST-1 powder and PLA has no impact on pristine HKUST-1’s moisture stability. Overall, this study demonstrates the possibility of shaping commercial HKUST-1 powder, using PLA as a binder, into a larger solid-state-form adsorbent that is suitable for the separation of CO2 from CH4 with a well-preserved pristine MOF gas-adsorption performance.
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1. Introduction


Biogas possesses significant potential as an alternative energy source, addressing the ever-increasing global energy demand while simultaneously mitigating waste and greenhouse gas (GHG) emissions. Various organic wastes, such as sewage sludge, agricultural and crop residues, animal dung, and industrial organic wastes and wastewaters, can be transformed into biogas via the process of anaerobic digestion. The major constituents of biogas are methane (CH4; 40–75%) and carbon dioxide (CO2; 15–60%), with traces of nitrogen (N2; 0–5%), moisture (H2O; 1–5%) hydrogen sulphide (H2S; 0–5000 ppm), oxygen (O2; 0–2%), ammonia (NH3; 0–500 ppm) and other trace gases [1]. Furthermore, the potential of biogas usage is huge, with the predicted demand for biogas (either directly used or purified) by the International Energy Agency (IEA) reaching up to 150 Mtoe by 2040 [2].



Biogas can be directly burned to produce heat and energy; however, the presence of noncombustible CO2 in biogas decreases its calorific value. Therefore, biogas could be purified by removing its contaminants to obtain biomethane. The process of removing biogas contaminants, especially CO2, is known as biogas upgrading.



Biomethane (also known as renewable natural gas) is indistinguishable from natural gas and can be transported and used in the same way. Biomethane can deliver the energy system benefits of natural gas while being carbon-neutral. At present, multiple technologies exist in the industry for CO2 separation and capture for biogas upgrading, such as water/physical/chemical scrubbing, cryogenic separation, membrane separation, and the technology that interests us in this work: pressure swing adsorption [3,4,5,6]. The adsorption process for CO2 capture presents its advantages as a dry process, which means it does not require the additional costs of water/solvent, nor does it have a heat requirement for the regeneration of the adsorbent, as is found in other CO2 removal technologies. Furthermore, the adsorption unit is relatively small, compact, and easily manufactured for small-scale applications. The adsorbent choice in the adsorption column is one of the key factors influencing the CO2 removal efficiency in the adsorption process. Each adsorbent has different properties that need to be considered for application, such as adsorption and pressure swing regeneration capacities, selectivity, and mechanical and thermal stability over long lifetimes. Adsorbents commonly used in the adsorption process include zeolite and carbon-based microporous solids [7].



One of the potential new adsorbents for CO2 capture in biogas-upgrading applications is the metal-organic framework (MOF). MOFs are two- or three-dimensional, porous, crystalline materials, synthesized by joining metal-containing units with organic linkers [8,9]. Thanks to their high specific surface area, high porosity, and tunable properties [10,11], MOFs have become potential candidates as a novel adsorbent media for gas separation [12,13]. Studies have been conducted that demonstrate MOFs’ CO2 capture abilities in CO2/CH4 mixtures [14,15,16,17]. HKUST-1 is one of the most frequently studied MOFs in the literature for application in CO2 capture due to its high CO2-adsorption capacity and good CO2/CH4 selectivity [18,19]. HKUST-1 can also be synthesized via different synthesis routes, such as the conventional synthesis methods of solvothermal [20,21], microwave [22,23], sonochemical [24], electrochemical [25,26], and mechanochemical synthesis [27,28].



As obtained from such synthesis routes, the HKUST-1 adsorbent occurs as a fine crystalline powder that needs to be shaped into granules or monoliths to constitute the adsorbent beds, generating low-pressure drops and a uniform gas flow [29,30]. Driven by the need to enhance MOFs’ applicability in industrial applications, studies on MOF shape engineering have been attracting attention in recent years [31,32,33,34].



Extrusion is one of the many reported shaping technologies for MOF powders. The mechanism of extrusion relies on passing the pre-formed paste (which normally constitutes a mixture of the MOF powder and a binding agent) inside an extruder through a die. Depending on the form of the die, the final objects can have different shapes: hollow tubes, sheets, strips, or cylinders. Ideally, the shaping of MOF powders should result in a material with strong mechanical and thermal properties, as well as a good adsorption performance. Nevertheless, the use of a binding agent in the extrusion-shaping technique presents a challenge in obtaining shaped MOFs with the previously mentioned desirable characteristics, as a binding agent could cover the surface of the crystallite and hence block the MOF’s pores.



As an example, Hong et al. shaped MIL-101 (Cr) powder into monoliths using bentonite clay as the binding agent via the extrusion method [35]. The resulting shaped monolith suffered an approximately 10–34% reduction in specific surface area and a decrease in the CO2 adsorption capacity by 36.81% in comparison to pristine MIL-101 (Cr). On the other hand, the usage of bentonite as a binding agent helped to promote the mechanical strength of the monolith, with a radial compression of 10.60 N/mm2 and 4.97 N/mm2 when the binding content was reduced from 40% (w/w) to 35% (w/w), respectively.



Additionally, studies on HKUST-1 extrusion were performed by Majano and Pérez-Ramírez by shaping HKUST-1 powder with 20 wt% kaolin as the binder [36]. An XRD analysis of the extrudate confirmed that the crystal structure was preserved upon extrusion but suffered a reduction of approximately 50% in its initial specific surface area. Both these studies indicate the difficulties in shaping MOF crystal powder into a larger solid-state material without altering its intrinsic adsorption properties. The addition of a binding agent often leads to improved mechanical stability but degrades the adsorption performance.



In this work, HKUST-1 powder was shaped via the extrusion method using bio-sourced polylactic acid (PLA) as the binding agent to produce the extrudate composite. The impact of shaping on composite adsorption performance was further elucidated by the investigation of its structural and textural properties compared to pristine HKUST-1. Furthermore, the adsorption equilibrium for CO2 and CH4 for both the extrudate composite and pristine HKUST-1 were determined to match the applicability criteria for gas separation in the pressure swing adsorption process.




2. Materials and Methods


2.1. Materials


HKUST-1, also commercially known as Basolite@C300 (Basolite is a trademark of BASF SE), was supplied by Sigma Aldrich (Darmstadt, Germany). According to the supplier, the specific surface area was in the range of 1500–2100 m2/g and the bulk density was 0.35 g/cm3. The degassing of samples was carried out at 473 K under vacuum.




2.2. Shaping of HKUST-1


Figure 1 illustrates the shaping process of HKUST-1 powder with PLA. In brief, the homogenous mixing of HKUST-1 with PLA was achieved by dissolving 0.1 g of PLA in 1 mL of solvent (chloroform) using a VWR Symphony ultrasonic bath at 328 K for 1 h. Prior to dissolving the PLA, it was heated at 383 K to eliminate any possible water traces. Next, 0.9 g of HKUST-1 was added to the solution and sonicated for another 30 min to ensure homogenous mixing. The HKUST-1/PLA suspension was then inserted into a 5 mL DB syringe before being extruded into a methanol solution that did not dissolve the PLA. This immersion promotes the phase inversion and the transfer of chloroform from the HKUST-1/PLA suspension to methanol, resulting in the formation of a solid HKUST-1/PLA composite. The composite was then heated at 38 K under vacuum overnight to remove the traces of methanol. The dried composite, with 10% weight in PLA, was then cut into small cylinders of about 1.5 mm, and is hereafter referred to as the extrudate.




2.3. Sample Characterization and Gas Adsorption Measurement


The crystalline structure of the samples was confirmed using powder X-ray diffraction (XRD). XRD patterns were recorded using Panalytical X’Pert3 Powder (Malvern Panalytica, Almelo, The Netherlands) with Cu Kα radiation (λ = 1.5406 Å at 45 kV and 40 mA) at room temperature. Diffraction data were collected at a scan rate of 1°/min, step size of 0.02° and a 2ϴ range of 5–40. A Fourier Transform Infrared Spectroscopy (FTIR) spectrum was analyzed by the KBr technique using Thermo Nicolet IS5 (Waltham, MA, USA) with a wavenumber ranging from 5000 to 400 cm−1, with 15 scans.



The morphology of the samples was observed using scanning electron microscopy (SEM) images acquired on EVOLS15 from ZEISS (Jena, Germany) equipped with a secondary electron detector (SE). The samples were prepared using a standard metallographic specimen preparation technique, where the cast sample was deposited onto a conductive carbon double-sided adhesive tape on a stub. Coating of the sample was effectuated with a platinum sputter coater for 60 s. The sample was placed in a vacuum chamber before the imaging was carried out.



Thermogravimetric analysis (TGA) measurements were performed on a STA 6000 instrument from Perkin Elmer (Waltham, MA, USA) in order to assess material thermal stability. A temperature ramp was applied from 313 K to 1073 K at 10 °C/min under a flow of nitrogen gas to avoid sample oxidation. The blank was subtracted to correct the TG signal.



N2 adsorption/desorption isotherm analysis at 77 K was conducted to characterize the textural properties of the materials using a 3Flex manometric adsorption analyzer (Micromeritics, Norcross, GA, USA). The equipment is capable of measuring the experimental data in the range of relative pressure (P/Po) between 10−7 and 1, with a precision of 0.15%. The acquisition of experimental data was first performed in a “fixed-dose” mode until P/Po = 0.03, followed by the “incrementing relative pressure” mode until P/Po = 1. Additionally, the equilibration time period was set to 90 s for the analysis in the domain of micropore-filling. Prior to analysis, the sample was degassed at 398 K under vacuum for at least 72 h using Smart VacPrep (Micromeritics, Norcross, GA, USA). The volumes of the cell non-occupied by sample were determined at ambient temperature and at 77 K by helium expansion. Apparent specific surface area was determined based on the linearized BET isotherm derived from the assumptions made by the BET theory:


    P /  P o     N    ( 1 − P /  P o  )   =  1   N m  C    +    C − 1    N m       P   P o       



(1)




where N is defined as the adsorbate loading, Po is the saturation pressure of nitrogen, C corresponds to the energetics of adsorption and Nm relates to the monolayer loading. C and Nm are constant values which allow for the determination of the specific surface area of the materials (otherwise known as BET surface area). The selected pressure range was chosen in the domain of 10−7 ≤ P/Po ≤ 10−2 to respect the four consistency criteria suggested by Rouquerol et al. [37], which are:




	
Only a pressure range where N (1 − P/Po) increases monotonically with P/Po should be selected.



	
The value of the C constant obtained from the linear regression must be positive.



	
The value of relative pressure P/Po, which corresponds to the monolayer loading Nm, must be within the selected pressure range chosen in criterion 1.



	
The value of (1/√C + 1) should be equal to the relative pressure determined in criterion 3. (Tolerance up to 20% is suggested by Rouquerol et al. [37].)








Bulk density is defined as the mass divided by the total volume filled by the material, which includes solid and internal particle pore volumes, as well as inter-particle void volume. The bulk density of the extrudate was determined after extrudate samples settled to a stable formation inside a recipient with known volume following light tapping.



The mechanical resistance of the shaped MOF composite against the frictional forces experienced in fluidized or packed beds, transportation, handling, and storage was evaluated through the attrition test standard D4058-96 ASTM norm. In this work, a standard test similar to that employed by Khabzina et al. [38] was applied. In brief, 0.2 g mass of material was introduced into a glass vial and rolled at a frequency of 60 rotations per minute (rpm) for 30 min. Afterwards, the sample was passed through a 500 μm sieve to recover fine particles. Attrition percentage was calculated as follows:


   Attrition =     initial   mass    −    recovered   mass   above   500   μ m     initial   mass       × 100   



(2)







CO2 and CH4 adsorption isotherm measurements were conducted at 273 K, 298 K and 323 K using PCT-Pro manometric equipment from SETARAM (Caluire, France) for a range of pressure up to 10 bar, and 3Flex from Micromeritics (up to 1 bar). Prior to each measurement, the samples were degassed under dynamic vacuum at 393 K for 12 h, and the sample holder’s dead volume was measured using helium expansion.




2.4. Isosteric Heat of Adsorption


The isosteric heat of adsorption provides a quantitative assessment of the strength of interactions between the adsorbate and the adsorbent, offering valuable information regarding the energetic heterogeneity exhibited by a solid surface. The measured adsorption isotherms of CO2 were used to calculate the isosteric heats of adsorption using the Van’t Hoff equation:


  ln    P 2     P 1    =    Q  is    R     ×   (   1   T 1    −  1   T 2    )  



(3)




where Qis is the isosteric heat of adsorption and R is the universal gas constant with a value of 8.314 J/mol K. Data from isotherms at three different temperatures were used to plot the logarithm of the equilibrium pressures ln(P) against the reciprocal temperature (1/T) at the constant CO2 uptake to estimate the value of Qis.




2.5. Prediction of CO2/CH4 Co-Adsorption Isotherm and Selectivity via Ideal Adsorbed Solution Theory (IAST)


Ideal adsorption solution theory was developed by Myers and Prausnitz [39] to provide a solid theoretical foundation to predict multi-component adsorption isotherm from single, pure component adsorption isotherm data. IAST relies on the assumption that the adsorbed species form an ideal mixture at a constant spreading pressure and temperature so that the activity coefficient of each phase reaches unity.



The selectivity was calculated with the aid of IAST++ program to assess the separation performance of HKUST-1 powder and HKUST-1/PLA extrudate for the CO2/CH4 mixture at 298 K [40]. The calculation of IAST selectivity using this software can be summarized in two steps: (1) fitting suitable isotherm models to the adsorption isotherm data of pure gases, and (2) resolution of mixed gas adsorption isotherm using fitted model parameters. In our study, the fitting of CO2 and CH4 adsorption isotherms was carried out using the dual-site Langmuir model, which can be expressed as:


   q i     = q    1  , i    ·      k   1 , i    P      1 + k    1  , i    P   +      q    2  , i    ·      k  2  , i    P      1 + k    2  , i    P    



(4)




where q1,i and q2,i are the saturation capacity of component i in the gas mixture at site 1 and site 2, respectively; k1,i and k2,i are the equilibrium constant of component i in the gas mixture at site 1 and site 2; P is the pressure of the bulk gas at equilibrium with the adsorbed phase; and qi is the amount of component i that is absorbed.



The IAST-equilibrium selectivity αi/j was derived from the distribution of the molar fractions of the components in both the gas and adsorbed phases measured under equilibrium conditions:


   α  i / j    =     x i     /   y   i     x   j ,       /   y   j     



(5)




where xi and xj are the molar fraction of components i and j in the adsorbed phase, and yi and yj are the molar fractions of components i and j in the gas phase.




2.6. Humidity Ageing Analysis


Ageing of the materials was performed by storing HKUST-1 powder and extrudate inside a room with a controlled temperature of 298 ± 5 K and relative humidity (RH) of 40 ± 5% for a duration of 1 month. The stored samples were then re-characterized via N2 adsorption/desorption isotherm at 77 K and their adsorption capacity was re-measured by conducting CO2 adsorption isotherms of up to 1 bar at 298 K.





3. Results and Discussion


3.1. XRD Analysis


A structural analysis of the HKUST-1/PLA composite was carried out through XRD analysis. Figure 2 illustrates the XRD peaks for HKUST-1/PLA extrudate, PLA and pristine HKUST-1 powder. Neat PLA exhibits a strong peak at 2ϴ = 16.8° because of diffraction from (110) and/or (200) planes [41]. Interestingly, diffraction peaks corresponding to the neat PLA cannot be clearly distinguished in the XRD peaks of the extrudate, likely due to the low loading amount of PLA present in the composite.



HKUST-1 powder exhibits XRD peaks at 6.7°, 9.5°, 11.6° and 13.4°, which can be assigned to the (200), (220), (222) and (400) crystal planes of HKUST-1 [42,43]. The extrudate clearly exhibits similar peaks associated with HKUST-1 powder, which shows that the shaping of HKUST-1 via extrusion has conserved crystal particle morphology.




3.2. FTIR Analysis


Analysis of FTIR spectra enables further analysis of the composition of the shaped composites. Figure 3 shows the FTIR spectra of HKUST-1/PLA extrudate, pristine HKUST-1 and PLA. PLA is made up of lactic acid, which is rich in carbon-chain-containing C=O groups. The band of this carbonyl group could be assigned to the peak observed at 1750 cm−1 for both the PLA and the extrudate sample. In addition, HKUST-1/PLA extrudate exhibits peaks at 1184 cm−1 and 1090 cm−1, which could be assigned to the symmetric and antisymmetric stretching vibration of the C-O groups [44].



HKUST-1/PLA extrudate also exhibits similar bands to the pristine HKUST-1 powder. Both HKUST-1 powder and HKUST-1/PLA extrudate exhibit characteristic asymmetric vibrations of carboxylate groups at 1500–1700 cm−1 ranges and symmetric vibrations at 1300–1500 cm−1 ranges [45]. The peak at 1650 cm−1 is assigned to the C=O stretching vibration of deprotonated benzene tricarboxylic acid [46], whereas the bands at 490 cm−1 and 727 cm−1 correspond to the copper-oxygen bond (Cu-O) and aromatic C-H bending of benzene rings [47,48]. The presence of typical bands of neat PLA and HKUST-1 powder in the extrudate show the presence of both materials in the composite, verifying that the shaping of HKUST-1 with PLA via extrusion was successful.




3.3. SEM Analysis


The characterization of HKUST-1/PLA surface morphology was achieved through Scanning Electron Microscopy (SEM) analysis. Figure 4 shows a morphology comparison of pristine HKUST-1 powder and HKUST-1/PLA extrudate. It could be observed that the particles of HKUST-1 pristine powder exhibit an octahedron shape, which is the reported morphology of Basolite C300 [49]. The surface analysis of HKUST-1/PLA extrudate shows that HKUST-1 particles kept their octahedron shape, and their surface remained accessible.



This finding suggests that the shaping of HKUST-1 powder via extrusion maintains the morphology of HKUST-1 particles in the composite, with no obvious cleaving/destruction of the particles, as the shaping process did not involve high pressurization. Most of the HKUST-1 particles in the extrudate sample were exposed and not encapsulated by the PLA due to the low loading amount of the PLA binder.




3.4. Thermal Stability Analysis


The TGA profiles for HKUST-1 powder, neat PLA and HKUST-1/PLA extrudate are shown in Figure 5. Both pristine HKUST-1 and PLA are thermally stable up to 593 K and 613 K, respectively, above which mass losses become observable. In contrast, the thermal stability of HKUST-1/PLA extrudate appears to be far lower than that of pristine HKUST-1 powder and neat PLA, as mass losses are detected at 323 K. Meanwhile, thermal degradation of the extrudate proceeds in two steps. It is possible that the initial mass loss between 323 and 393 K is caused by trapped chloroform solvent molecules departing. The degradation of PLA and the subsequent framework collapse can be linked to the second mass loss, which begins at 578 K.



The results suggest that the presence HKUST-1 in the composite decreases its thermal stability, as HKUST-1 particles may act as catalysts for the pyrolysis of PLA. A similar observation of decreasing thermal stability in PLA in the presence of MOF particles has been observed in several studies [41,50].




3.5. Physical Properties and Mechanical Stability Analysis


The specific surface areas of samples were determined using the BET model applied to nitrogen adsorption isotherms measured at 77 K. The isotherm linear and logarithmic plot between HKUST-1 powder and HKUST-1/PLA extrudate is shown in Figure 6. It can be seen that similar patterns of N2 uptake were measured for both the pristine HKUST-1 powder and the extrudate. These are characteristic of type Ι isotherms, relevant to highly microporous materials. The large N2 adsorption capacity exhibited by the extrudate could be linked back to the SEM particle morphology observations: the HKUST-1 crystal particles are not encapsulated by the PLA matrix; hence, their porosity remains accessible to N2 adsorption. PLA itself is a non-porous polymer and exhibits a very low BET surface area (Supplementary Figure S1 and Table S1), which signifies that higher loading amounts of PLA in the composite may increase the risk of HKUST-1 particle encapsulation, hindering their accessibility to gas.



The adsorption of N2 in the low-pressure region (P/Po < 10−4) is noticeably higher for the extrudate than the pristine HKUST-1, which suggests that there are changes in material microporosity after shaping. Table 1 lists the BET surface area and pore volume data for both pristine HKUST-1 powder and the extrudate. A BET surface area of 1528 m2/g was obtained for the extrudate, which is comparable to the HKUST-1 pristine (1500 m2/g). It can be observed that the measured micropore volume is slightly higher than that of the pristine HKSUT-1 powder, which confirms the changes in microporosity, as previously mentioned. We assumed that these changes may result from the effect of washing, by immersion of the HKUST-1 composite in the methanol solution at the final step in the shaping process, as methanol is very effective in removing impurities inside the pores of HKUST-1 [51,52].



To verify that immersion in methanol influences the porosity and BET surface area of HKUST-1, pristine MOF powder was washed in methanol for three times (hereafter, this will be referred to as “washed HKUST-1 powder”) and subsequently re-characterized via N2 adsorption isotherm at 77 K, as reported in Figure 6. It can be observed that after washing with methanol, the amount of adsorbed N2 by HKUST-1 increases significantly in the upper relative pressure range above 10−4, but remains low below this range. The washed HKUST-1 powder yielded a BET surface area and pore volume higher than both the pristine HKUST-1 powder and the extrudate, but these do not completely explain the discrepancies observed in the lowest relative pressure region for the extrudate sample. Hence, the reason for the changes in the microporosity of the extrudate is still unknown. For the subsequent section, we retained the comparison of the extrudate properties with pristine HKUST-1 powder only, as the shaping of the extrudate involved the direct usage of HKUST-1 powder as-is, without pre-washing with methanol.



The bulk density of the extrudate was measured at 0.25 g/cm3, which is lower than the bulk density of the pristine HKUST-1 (0.35 g/cm3). This lower density can be attributed to the shaping extrusion technique, which is applied at a low mechanical pressure, resulting in dissimilar crystallite packing and, therefore, a large fraction of void space in the extrudate sample.



MOFs shaped with PLA need to have good mechanical resistance to attrition for use as adsorbent materials in gas separation processes. Because of particle attrition, bed clogging or increases in pressure drops may occur. Table 2 compares the attrition test data measured for the HKUST-1/PLA with those of commercially available molecular sieve adsorbents and MOF extrudate evaluated by the same test standard D4058-96 ASTM norm. The attrition loss of the extrudate sample was below 0.5 wt%, which is comparable with the attrition loss of the commercial shaped adsorbent and lower than the UiO-66 extrudate reported in [38]. This shows that the mere addition of 10% loading in the mass of PLA as a binding agent suffices to create a mechanically robust adsorbent, while increasing the binder content would further enhance the attrition resistance. However, there is a risk of trade-offs between the increasing mechanical stability of the composite with adsorption capacity by increasing the PLA loading amount, as PLA is non-porous and may encapsulate HKUST-1 particles.




3.6. CO2/CH4 Adsorption


Figure 7 presents CO2/CH4 gravimetric and volumetric adsorption isotherms measured on pristine HKUST-1 powder and extrudate sample. The data were collected in the pressure range of up to 10 bar at 298 K. The gravimetric values were expressed in molar quantity adsorbed by 1 g of adsorbent/composite samples (mmol/gadsorbent), whereas the volumetric adsorption capacity was expressed in molar quantity adsorbed by 1 cm3 of volume occupied by adsorbent/composite sample (mmol/cm3adsorbent) by multiplying gravimetric adsorption capacities with the bulk density of the respective sample.



The gravimetric adsorption capacity of both pristine HKUST-1 and extrudate are similar in the lower-pressure region of up to 1 bar. At higher pressures, between 2 and 10 bar, the CO2 and CH4 gravimetric adsorption capacities of the extrudate are slightly larger than those of pristine HKUST-1. Since PLA itself is nonporous and does not adsorb CO2 or CH4 (Figure S2), this increase could be attributed to the larger BET surface area and micropore volume of the extrudate, as observed earlier, and the enhancement of multimolecular adsorption thanks to the removal of impurities by methanol washing. However, because of its lower bulk density, the extrudate exhibits volumetric CO2 adsorption capacities that are lower than those of pristine HKUST-1 in pressure ranges higher than 1 bar.



It is interesting to compare these data with those obtained for HKUST-1 powder that was activated with methanol prior to adsorption (washed HKUST-1 powder). Figure S3 shows the CO2 gravimetric adsorption isotherm measured for the three samples in the low-pressure region. It could be observed that, at 1 bar, the CO2 adsorption capacity of the washed HKUST-1 is 20% larger than the value measured for both pristine HKUST-1 powder and the extrudate. This can be attributed to the larger micropore volume of the washed HKUST-1 powder, whereas the lower adsorption capacity of the extrudate could be due to the substitution of 10 wt.% of porous material with a non-porous PLA binder and possibly partial pore blockage.



Table 3 provides a comparison with the literature data referring to gravimetric CO2 adsorption capacities measured at 1 bar and 298 K on different MOF-polymer adsorbent composites shaped via extrusion. The data show that, compared to clay or other polymers, PLA appears to be a good candidate for use as a binding agent for MOF adsorbent shaping. Only one study [54] reported a similar conservation of the gravimetric CO2 adsorption capacity at 1 bar after shaping MIL-53 (Al) with methyl cellulose binder at low loading rates. In [55], the HKSUT-1 extrudate synthesized with PVB as a binder exhibits an adsorption capacity reduced by 6% in comparison with that measured for pristine MOF powder. In [56], a shaped UTSA-16 extruded with PVA shows a CO2 adsorption capacity that is lowered by 9% compared to pristine MOF. In [35], the high loading content of bentonite clay used as a binding agent resulted in a significant reduction in the CO2 adsorption capacity of the Mil-1010 (Cr), by 47%.




3.7. Isosteric Heat of Adsorption


The level of binding strength in the adsorbate-adsorbent interaction of an MOF material can be interpreted by the isosteric enthalpy of adsorption (Qis). Figure 8 presents the CO2/CH4 isosteric heat of adsorption calculated from the Van’t Hoff equation for extrudate, HKSUST-1 powder and benchmark zeolite 13X, which is frequently used as an adsorbent in the pressure swing adsorption process for biogas upgrading. The pure gas isotherm data needed for the calculation of benchmark 13X isosteric heat of adsorption were taken from [57], whereas isotherm measurements of the extrudate at different temperatures are presented in Figure S4.



The isosteric heat of adsorption for CH4 at different adsorbate loadings was observed to be within a similar range (10–15 kJ/mol) for both HKUST-1 powder and extrudate. These values were lower than the respective CO2 isosteric heat of adsorption, showing a lower affinity of CH4 towards both samples. The CH4 isosteric heat of adsorption for 13X was also found to be comparable to that of the HKUST-1/PLA extrudate sample. When comparing the CO2 isosteric heat of adsorption among the HKUST-1 powder, extrudate, and 13X, it was observed that the latter exhibited a higher isosteric adsorption value (55–65 kJ/mol) compared to both HKUST-1 powder and the extrudate (20–25 kJ/mol). It can be concluded that HKUST-1/PLA extrudate retains its isosteric heat of adsorption after shaping, offering an advantage in terms of requiring less energy for regeneration in a pressure swing adsorption process compared to 13X.




3.8. CO2/CH4 Co-Adsorption Isotherm and Selectivity Prediction in Gas Mixture


IAST relies on the assumption that the adsorbed species form an ideal mixture at a constant spreading pressure and temperature, in which the activity coefficient of each phase equals unity. IAST has been widely used to obtain various mixture isotherms for numerous systems validated by experimental measurements [58,59,60,61]. Table 4 lists the fitting parameters of the Langmuir isotherm model for the pure isotherms of CO2 and CH4 on HKUST-1 powder and HKUST-1/PLA extrudate. These fitting parameters were then used for the prediction of the adsorption isotherm of our samples in gas mixture.



Figure 9 presents the gravimetric co-adsorption isotherms HKUST-1 powder, extrudate and 13X (isotherm data obtained from [57]), predicted by IAST for a CO2/CH4 equimolar mixture, which represents biogas composition [1]. It could be observed that CO2 is more preferably adsorbed on all samples compared to CH4 in the mixed gas. The CO2 and CH4 gravimetric capacities of the extrudate were comparable to that of HKUST-1 pristine powder in the low-pressure range, but slightly larger in the upper pressure range. This suggests that the shaping method applied in our study did not degrade the adsorption selectivity of HKUST-1 in an equimolar CO2-CH4 gas mixture.



A comparison of predicted adsorption capacity for HKUST-1 extrudate with 13X in gas mixture is also interesting as it highlights the advantage of the HKUST-1/PLA extrudate in the pressure swing adsorption process. The working capacity of the adsorbent, which is defined by the difference between the adsorbed quantities at production and purge pressures, is an important characteristic when choosing an adsorbent in PSA. Production pressure for biogas upgrading is around 8 bar [3], and the purge pressure is assumed to be 1 bar. With this operating condition, we can observe that the CO2 working capacity of HKUST-1/PLA extrudate (6 mmol/g) is significantly higher than 13X (1.8 mmol/g), which shows the applicability of the extrudate in biogas upgrading.



The nature of CO2 binding in 13X is related to the large quadruple moment (−13.71 × 1040) of CO2, which produces a strong attraction to the electrostatic field of the cationic site on the surface of 13X [62,63]. Meanwhile, the CO2 binding on HKUST-1 is much weaker, as it is mainly of the van der Waals physisorption type [64,65]. This can be reflected in the value of isosteric heat of adsorption for CO2 for 13X, which is higher than the extrudate, as highlighted in Section 3.7. Therefore, in the pressure region of 1–8 bar (operating pressure of biogas upgrading), the desorption of CO2 from the extrudate is easier than 13X, explaining why the CO2 working capacity of the former is higher.



Figure 10 presents the variations in the IAST-predicted selectivities of both pristine HKUST-1 and extrudate samples corresponding to the adsorption until equilibrium is reached for equimolar CO2 and CH4 mixtures over the pressure range of up to 10 bar, at 298 K. Interestingly, the CO2/CH4 selectivities of the extrudate slightly diminish as the bulk pressure increases, whereas the selectivity of pristine HKUST-1 powder does not vary as much with increasing bulk pressure. This difference in the selectivity changes may be related to the larger competitive CH4-adsorption capacity of the extrudate, which lowers the separation selectivity. However, when comparing the selectivity value of extrudate with 13X, it can be observed that the value of the latter is significantly higher than that of the former because of the stronger affinity of CO2 towards 13X compared to CH4.




3.9. Ageing Analysis


It is a well-known fact that one of the disadvantages of HKUST-1 is that it is not stable in the presence of moisture, which results in a decrease in CO2 adsorption capacity [66,67]. HKUST-1 can be considered a hydrophilic MOF, as Cu2+ ion of HKUST-1 has a very high affinity with water [68]. These copper ions are considered open-metal sites, as they are situated on the wall of the pores of MOF instead of being enclosed by a ligand. Therefore, water molecules are adsorbed on these open metals, and the oxygen of the adsorbed H2O shares a free electron pair with the Cu2+ ion, forming Cu-O bonds [69]. The prolonged exposure of HKUST-1 open-metal sites to water and the formation of Cu-O bonds will inevitably lead to the disintegration of the HKUST-1 framework [70]. Therefore, it is interesting to know whether PLA impacts the moisture stability of HKUST-1. Figure 11 presents the variations in BET surface area and CO2 adsorption capacity at 1 bar, for HKUST-1 powder and the extrudate after 1 month of storage in relative humidity (RH) of 40 ± 5%. It can be observed that the degradation of BET surface area and CO2 adsorption capacity are similar for both HKUST-1 powder and extrudate samples after 1 month, showing that PLA has no impact on the moisture stability of HKUST-1. Although the disadvantage of HKUST-1’s moisture stability persists after shaping, this does not present a major problem in the application of biogas upgrading as, prior to the CO2/CH4 separation step in biogas upgrading, a pre-treatment process involving the removal of water/humidity is usually conducted [71,72].





4. Conclusions


In this work, HKSUT-1 powders were shaped via an extrusion process, using PLA as a binding agent. XRD and FTIR analyses of the extrudate reveal well-preserved HKUST-1 particles within the composite, suggesting the successful shaping of HKUST-1 via extrusion. An SEM analysis of the extrudate reveals that the morphology of HKUST-1 particles was maintained, whilst a large fraction of their external surface appears accessible to gas. The extrudate also appears to decompose at a slightly lower temperature than the parent HKUST-1, which was attributed to the thermal degradation of PLA, which may be catalytically activated in the presence of MOF. Both the BET surface area and microporosity of the extrudate were measured to be slightly larger than pristine HKUST-1 powder because of the removal of impurities by methanol immersion. This contributes to the higher gravimetric CO2 and CH4 adsorption capacities of the composite compared to the pristine HKUST-1 powder measured at a bulk pressure of up to 10 bar. By using the dual-site Langmuir model, the experimental pure CO2 and CH4 isotherms were fitted on both the HKUST-1/PLA extrudate and the HKUST-1 powder. The CO2 and CH4 isosteric adsorption heats for the extrudate are similar to those of the pristine HKUST-1 powder. Co-adsorption isotherms and equilibrium selectivities were obtained from the IAST for an equimolar gas mixture. The predicted co-adsorption isotherms demonstrated that CO2 was more favorably adsorbed than CH4, but the extrudate’s equilibrium selectivities were diminished above 1 bar because more CH4 was co-adsorbed. At 10 bar and 298 K, the selectivity measured was 5.5, compared to 6.5 at 1 bar. It should be underlined that if textural and gravimetric adsorption capacities were successfully preserved in the extrudate, the reduction in the bulk density of the HKUST-1-PLA composite induces lower volumetric gas adsorption capacities compared to pristine HKUST-1. The presence of PLA was found to have no impact on the stability of pristine HKUST-1 against moisture. This study shows the feasibility of shaping commercial MOF with PLA as a suitable binding agent via extrusion to produce mechanically and thermally resistant adsorbents with good CO2-CH4 separation performances.
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Figure 1. Schematic figure of the HKUST-1-shaping procedure in this work. 
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Figure 2. XRD of HKUST-1 powder, neat PLA and HKUST-1/PLA extrudate. 
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Figure 3. FTIR of HKUST-1 powder, neat PLA and HKUST-1/PLA extrudate. 
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Figure 4. (a) SEM image of HKUST-1 powder; (b) SEM image of HKUST-1/PLA extrudate. 
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Figure 5. TGA profile for HKUST-1 powder, PLA and HKUST-1/PLA extrudate. 
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Figure 6. Logarithmic (a) and linear (b) N2 adsorption isotherm plot for HKUST-1 powder, HKUST-1/PLA extrudate and washed HKUST-1 powder. 
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Figure 7. Gravimetric (a) and volumetric (b) adsorption isotherms of CO2 and CH4 on HKUST-1 powder and HKUST-1/PLA extrudate at 298 K. 
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Figure 8. CO2/CH4 isosteric heat of adsorption for HKUST-1 powder, HKUST-1/PLA extrudate and 13X. 
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Figure 9. IAST-predicted isotherms for equimolar CO2/CH4 mixtures on HKUST-1 powder, HKUST-1/PLA extrudate and 13X at 298 K as a function of total bulk pressure. 
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Figure 10. IAST-predicted selectivities to CO2 and CH4 for equimolar CO2/CH4 mixtures on HKUST-1 powder and HKUST-1/PLA extrudate at 298 K as a function of total bulk pressure. 
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Figure 11. Variations in BET surface area (a) and CO2 adsorption capacity (b) of HKUST-1 powder and HKUST-1/PLA extrudate stored in humid conditions for 1 month. 
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Table 1. BET surface area, pore volume of pristine HKUST-1 powder, and HKUST-1/PLA extrudate.
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	Sample
	SBET (m2/g)
	Micropore Volume (cm3/g), (a)
	Total Pore Volume (cm3/g), (b)





	HKUST-1 powder
	1500
	0.46
	0.65



	HKUST-1/PLA extrudate
	1528
	0.54
	0.65



	Washed HKUST-1 powder
	1956
	0.60
	0.79







(a) Micropore volume determined by applying t-plot method to N2 adsorption data. (b) Total pore volumes were calculated from experimental N2 sorption data at P/Po = 0.98.













 





Table 2. Attrition percentage of HKUST-1/PLA extrudate, conventional adsorbent and MOF extrudate.
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Sample

	
Attrition Loss (% wt)

	
Reference






	
HKUST-1/PLA extrudate

	
  ≤  0.5

	
This work




	
3A

	
  ≤  0.2

	
[53]




	
4A

	
  ≤  0.2




	
5A

	
  ≤  0.2




	
13X

	
  ≤  0.2




	
AC-Norit RZN1

	
0.2

	
[38]




	
UiO-66 extrudate

	
1.4











 





Table 3. CO2-adsorption capacities of MOF extrudate at 1 bar and 298 K.
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	Adsorbent
	Binding Agent
	Binding Agent Loading (wt.%)
	Shaped MOF Adsorption Capacity (mmol/g)
	Parent MOF Adsorption Capacity (mmol/g)
	Reference





	HKUST-1
	Polylactic acid (PLA)
	10
	4.06
	4.01
	This work



	MIL-53 (Al)
	Methyl cellulose
	3
	2.60
	2.60
	[54]



	HKUST-1
	Polyvinyl butyral (PVB)
	10
	4.88
	5.18
	[55]



	UTSA-16
	Polyvinyl alcohol (PVA)
	0.7
	3.83
	4.20
	[56]



	Mil-101 (Cr)
	Bentonite clay
	40
	0.59
	1.06
	[35]










 





Table 4. Fitting parameters of the dual-site Langmuir isotherm model for the pure isotherms of CO2 and CH4 on HKUST-1 powder and HKUST-1/PLA extrudate.
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HKUST-1 Powder

	
HKUST-1/PLA Extrudate




	
CO2

	
CH4

	
CO2

	
CH4






	
q1,i (mmol/g)

	
7.6819

	
0.693639

	
11.8369

	
3.97862




	
q2,i (mmol/g)

	
4.57812

	
16.0057

	
3.49004

	
117.582




	
K1,i (MPa−1)

	
4.24177

	
7.8488

	
3.2608

	
1.07153




	
K2,i (MPa−1)

	
4.24177

	
0.2778

	
3.2608

	
0.02949




	
R2

	
0.9999

	
0.9999

	
0.9999

	
0.9999
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