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Abstract

:

Global emission of methane reached a record high in 2020. Furthermore, it is expected that methane emissions will continue to rise in the coming years despite the economic slowdown stemming from the coronavirus pandemic. Adsorbents can be used to reduce methane emissions. However, the question remains as to which adsorbents perform best for enhanced methane capture. In this work, it is demonstrated that metal-organic frameworks (MOFs) exhibited the best methane uptakes at 1 bar and 298 K from experiments as compared to tested carbonaceous materials, polymers, and zeolites. In addition, the adsorption entropy, an important thermodynamic property indicating adsorption capacity and kinetics, is determined on well-defined MOFs using a global predictive equation for porous materials. A correlation was used to describe the effect of translation and rotation of methane in the porous material for methane emission abatement. This information and the entropy of adsorption of methane on MOFs has not been reported before. The predicted results were compared to experimental data obtained from adsorption isotherms. Optimum isosteric heats were calculated by the Bhatia and Myers correlation. Finally, the pre-exponential factor of desorption is determined to aid in the design of materials for global methane emissions mitigation.
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1. Introduction


Global emission of methane reached a record high in 2020 [1,2]. It is expected that this rise in methane concentrations will continue in the coming years despite the economic slowdown stemming from the coronavirus pandemic [3]. In 2020, an active leak of sea-bed methane was discovered in Antarctica for the first time [4]. This is concerning because if warming continues other parts of the seafloor may also begin to leak methane and microbes may not quickly move in to prevent methane from rising to the atmosphere. In addition, in 2020, 300 tons of methane were released in the state of Florida in the United States of America (USA) [5]. Methane release is problematic because methane is a major greenhouse gas and a cause of global warming [6,7,8]. Methane is 100 times more potent than carbon dioxide as a greenhouse gas when it first goes into the atmosphere. Therefore, effective strategies to curb methane emissions are needed.



To tackle this problem, the environmental protection agency (EPA) in the USA initiated a voluntary methane program for the oil and natural gas industry [9]. In 2019, a consumers energy methane reduction plan was initiated to achieve net zero methane emissions by 2030 from a natural gas delivery system [10]. Recently it was reported that the European Union’s greenhouse gas strategy failed to plug the hole associated with methane emissions [11].



What has worked to abate carbon dioxide emission is the use of the use of aqueous amine solutions as a technology to capture carbon dioxide as well as adsorption, which has been viewed as an alternative technology [12]. One adsorbent that was proposed to mitigate carbon dioxide emissions is metal-organic frameworks (MOFs) which were shown to be effective at adsorbing carbon dioxide in the presence of water [13,14,15,16]. MOFs are compounds comprised of metal nodes coordinated to organic ligands. The metal ions form a cluster known as the secondary building unit (SBU) which can be linked by organic compounds through reticular synthesis to form designed three-dimensional structures that can also be used for methane adsorption (Figure 1) [17,18]. Reticular synthesis allows for the molecular assembly of MOFs with a structure tailored for methane adsorption [19,20,21,22,23]. MOFs can be used as an adsorbent for methane abatement emissions technology. MOFs are a promising platform because their porosity can be adjusted and their chemistry can be tailored [24,25]. For gaseous fuel storage for natural gas vehicles (NGV), some MOFs have exhibited methane storage capabilities of more than 170 cm3 (STP = standard temperature and pressure equivalent volume of methane per volume of the adsorbent material: T = 273.15 K, P = 101.325 kPa) cm−3 [19,26,27,28]. This is due in part to the high surface areas of MOFs used for gaseous fuel storage [21,29,30]. However, for methane emission mitigation the process conditions are different as well as the material design approach as opposed to gaseous fuel storage for NGVs which necessitates the need for information regarding the adsorption capabilities of MOFs for this technology under different conditions.



In this work, the efficacy of metal-organic frameworks (MOFs) for methane capture at 1 bar and 298 K was assessed from experiments and compared to experimental results from other adsorbents such as carbonaceous materials, polymers, and zeolites. The entropy of adsorption can be used to determine the adsorption capacity of these materials as well as how fast they adsorb methane. Few measurements of the entropies of adsorption of methane on MOFs have been reported. Here, the entropy of adsorption of methane is determined in well-defined MOFs with nanoporosity and high surface area to assess the efficacy of MOFs to help curb global methane emissions. MOFs have shown exceptional performance for gas storage of key molecules such as methane and hydrogen which will power tomorrow’s energy future [32,33,34]. It remains as a standing question of how to design these adsorbents to decrease methane global emissions. MOFs may be used to separate and adsorb methane to remove it from the atmosphere. They may also aid to decrease emissions from plants with methane leaks. In the case of adsorptive separation of methane from a stream rich in nitrogen, separation is difficult because the kinetic diameters of the two molecules are similar (3.8 Å vs. 3.6 Å) and the design of the MOF becomes more important for the separation [35]. Because of the large number of MOF structures, more information regarding the functionality of the MOF and its pore size need to be determined. Furthermore, what is important to design is the interactions of methane and the MOF, which are measured in thermodynamics. Here, we demonstrate how thermodynamics applies to meet the needs of the future energy economy and atmospheric regulations with a focus on methane gas. Statistical mechanics is applied to representative MOF structures with the aim of providing insight into the design of these materials for methane emission abatement. The adsorption entropy is determined on well-defined MOFs using global predictive equation for porous materials. A correlation is used to describe the effect of translation and rotation of methane in the porous material for methane emission abatement. This information and the entropy of adsorption of methane on MOFs has not been reported before. New correlations for methane using the Bhatia and Myers correlation are also developed and applied in this work [36]. Finally, how fast methane can be desorbed from these MOFs is determined for this application.




2. Materials and Methods


MOFs with experimentally determined crystal structures, densities, pore volumes, methane isosteric heats of adsorption (Qst), and methane uptakes at 298 K were evaluated for methane capture at low pressures (around 1 bar). When uptakes were not available, they were determined from adsorption isotherms obtained from experiments. A universal descriptor was utilized to calculate the entropy of adsorption [37]. The entropy change of adsorption of methane on a slab was approximated using Campbell and Sellers estimate [38]:


  − Δ  S  ads    ( T )  = 0.3      S    gas    ( T )  + 3.3    R   



(1)







For methane adsorption to mitigate global methane emission levels, the molecule gains energy that is measured by a change in enthalpy that is associated with interactions with the surface (  Δ H  °  ads    ). However, the methane molecule will have restricted motion on the surface as compared to the gas phase which results in a loss of entropy:


  Δ G  °  ads   = Δ H  °  ads   − T Δ S  °  ads    



(2)







For associative adsorption of methane, the process is not activated and reversible. Adsorption of methane from the gas phase leads to a transition state (TS) of methane at a particular distance such that one degree of translational freedom is lost. For MOFs whose surfaces are curved, adsorbed methane was expected to be further restricted. This further restriction was expected to result in a further loss of entropy for the adsorbed state which makes the process less favorable by resulting in a larger Gibbs free energy of adsorption. Ultimately, thermodynamics suggests that this effect can be mitigated by decreasing the enthalpy of adsorption by designing the MOF to have more favorable interactions with methane. This can be achieved by reticular synthesis to fine tune the pore architecture [39], pore spacing [40], linker [41,42], functional groups [43,44], and hydrophobicity [45,46], and the nature of ligands [47,48] of the MOF. These features would result in more favorable enthalpies of adsorption which result from van der Waals forces were considered for MOFs.



The Sackur-Tetrode equation was used to determine the translation entropy of methane molecules when they behaved as immobile adsorbents to calculate the entropy lost upon adsorption [49,50,51]:


   S  trans  0   ( T )  =  S  Ar , 298    K    ° +  R   ln   [     (   m   m  Ar      )     3 2       (   T  298    )     5 2     ]   



(3)







   S  Ar , 298    K    °   is the standard entropy of argon at standard pressure of 1 bar and temperature of 298 K in the gas phase. At these conditions, its value is 154.8 J mol−1 K−1. R is the universal gas constant and has a value of 8.314 J mol−1 K−1. m is the molecular weight of methane which is 16.04 g/mol and mAr is the molecular weight of argon 39.948 g/mol. Finally, T is the temperature in units of Kelvin at which the translational entropy was calculated. When adsorbed methane is not immobile and has one degree of translational motion, the entropy was calculated by Strans/3.



To increase the accuracy of the approximation, rotational entropy upon adsorption of methane was also considered on MOFs. This accounted for rotation of methane parallel to the pore surface, but does not include methane rotation perpendicular to the surface. The entropy loss upon adsorption was calculated by:


  Δ S  °  ads   = Δ S  °  1 D , tran   + Δ S  °  1 D ,  rot     



(4)







The entropy of adsorption in three-dimensions was determined by:


   S  rot   = R  {  ln  [         π I   A   I B   I C     σ       (    8  π 2   k B  T    h 2     )     3 2     ]  +  3 2   }   



(5)




where IA, IB, and IC are principle moments of inertia and  σ  is the external symmetry number. The external symmetry number is 12 for methane. For methane, the principle moments of inertia are equal. The two constants present in the equation, kB and h, are Boltzmann and Planck’s constants 1.38064852 × 10−23 m2 kg s−2 K−1 and 6.62607004 × 10−34 m2 kg s−1. The entropy of adsorption was divided into translational and rotational components:


  Δ S  °  ads ,    CH   4  ,  j    =  F  trans    , j       S    1 D , tran   ° +  F  rot    , j       S    rot ,  i    °  



(6)




where Ftrans,j and Frot,j represent fraction of entropy lost and j represents the MOF framework. These fractional loses can be obtained from experimental data. The fractional loses of the entropy of adsorption was divided into translational and rotational components:


   F  rot   ,  j  =  F  rot , slab   +  F  rot    ,  conf , j    



(7)







It was postulated that the fraction of rotational entropy lost is a function of the occupiable volume (Vocc,j) in the MOF framework. The rotational configuration fractional loss was calculated using Equation (9). The critical volume used was 127.3 Å.


   F  rot    ,  conf , j   = f  (   V  occ , j    )   



(8)






   F  rot , conf , j   =  1 7   [     (  1 −    V  critical     2  V  occ , j      )    − 3   − 1  ]   



(9)







The entropy of adsorption of methane on MOFs was calculated using Equation (10):


  − Δ  S  ads ,   CH  4  , j     0  =  S  1 D , trans , i     0  +  (   F  rot , slab   +  1 7   [     (  1 −    V  critical     2    V    occ , j      )    − 3   − 1  ]   )   S  rot , i     0   



(10)







Whereas Bhatia and Myers introduced a new thermodynamic relation for optimal Qst which was used to determine the maximum delivery between a storage pressure P1 and the discharge pressure P2 at a given temperature T [36]:


   Q  st    (  Optimal  )  = −    T Δ S   0  −   RT   2  ln   (     P 1   P 2     P 0 2     )     



(11)




where Qst is the average heat of adsorption between P1 and P2, ΔS0 is the entropy change relative to the standard pressure P0 (1 bar) and R is the ideal gas constant.



Differential enthalpies and entropies of desorption were calculated using the Clausius-Clapeyron equation:


  ln  (   p q   )  =  (       Δ h    ads    T   )   (   1 T   )  +  (    −    Δ S    ads    R   )   



(12)




q represents the loading. The kinetics of desorption were evaluated using:


   v  des   =    k B  T  h   e    Δ  S  TS , des    R    =    k B  T  h   e    − Δ  S  1 D , trans   − Δ  S  ads    R     



(13)







  Δ  S  TS , des     is the entropy change associated with the adsorbed methane molecule approaching the transition state of desorption:


   v  des   =    k B  T  h   e    Δ  S  TS , des    R    =    k B  T  h   e    − Δ  S  1 D , trans   − Δ  S  ads    R     



(14)







The preexponential factor for desorption was also defined using:


   v  des ,    CH   4  , j   =    k B  T  h   e     F  rot , j      S    rot ,   CH  4     R     



(15)








3. Results


To investigate the effectiveness of MOFs as adsorbents for global methane mitigation, methane uptakes were determined from experiments. The textural properties and methane uptakes of MOFs at various conditions including 298 K and 1 bar are provided in Table 1.



ATC-Cu exhibited the best methane uptake of 2.8 mmol g−1 at 298 K and 1 bar. This is followed by Cu-tbo-MOF-5 which exhibited a methane uptake of 1.29 mmol g−1 at 298 K and 1 bar and HKUST-1 which had an uptake of 1.0 mmol g−1 at 298 K and 1 bar. In comparison, the methane uptake of carbonaceous materials such as KUA41751, KUA31751, KUA21751, and KUA51751 were less than 1.5 mmol g−1 at 1 bar and 298 K (Table 2) [52]. HSAC-19, HSAC-21, HSAC-23, and HSAC 30, which are high surface area activated carbons reported to have high methane uptakes at low pressure, possessed methane uptakes of less than 2.7 wt.% at 298 K and 1 bar [53]. This corresponds to less than 1.7 mmol g−1 of methane adsorbed. Poly(p-DCX) porous coordination polymer exhibited a methane uptake of less than 1 mmol g−1 at 298 K and 1 bar [54]. Zeolites such as NaX and CaX exhibited a methane uptake of less than 0.75 mmol g−1 at 303 K and 1 bar [55]. Based on these results, MOFs exhibited the best methane uptakes at 1 bar and 298 K from the materials investigated and are effective adsorbents.
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Table 1. Pore volume, BET surface area, Qst, and methane uptake of selected metal-organic frameworks (MOFs).
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	MOF
	VP

(cm3 g−1) a
	BET Surface Area (m2 g−1)
	Lang. Surface Area (m2 g−1)
	T (K)
	P (bar)
	Methane Uptake (mmol g−1)
	Qst (kJ mol−1)
	Ref.





	UTSA-110a
	1.263
	3241
	-
	273.15
	1
	-
	14.5
	[56]



	HKUST-1
	0.78
	1850
	-
	298
	1
	1.0 c
	17
	[57]



	ATC-Cu
	0.23
	600
	-
	298
	1
	2.8 c
	26.8
	[35]



	NU-1501-Al
	-
	7310
	-
	270
	1
	-
	-
	[58]



	Al-soc-MOF-1
	2.3
	5585
	-
	298
	1
	0.33 c
	10.5
	[59]



	PCN-14
	0.85
	2170
	-
	298
	1
	-
	17.6
	[32]



	NJU-Bai 43
	1.22
	3090
	-
	298
	1
	0.20 c
	14.45
	[60]



	PCN-61
	1.36
	3000
	-
	298
	1
	-
	-
	[44]



	MOF-950
	1.3
	3440
	-
	298
	1
	0.38 c
	11.9
	[61]



	NJU-Bai 42
	1.07
	2830
	-
	298
	1
	0.80 c
	14.49
	[60]



	Fe(bpd)
	-
	-
	-
	298
	1
	0.1 c
	-
	[62]



	NU-135
	1.02
	2530
	-
	298
	1
	0.9 c
	16.6
	[63]



	NU-125
	1.29
	3120
	-
	298
	1
	-
	15.5
	[64]



	ZJU-25
	1.183
	2124
	-
	300
	1
	-
	15.1
	[64]



	MOF-519
	0.938
	2400
	-
	298
	1
	0.49 c
	14.6
	[65]



	MOF-5
	1.4
	-
	-
	298
	1
	-
	12.3
	[66]



	NJU-Bai 19
	1.063
	2803
	-
	298
	1
	0.85 c
	14.8
	[67]



	Cu-tbo-MOF-5
	0.595
	3971
	-
	298
	1
	1.29 c
	20.4
	[68]



	MOF-905-Me2
	-
	-
	-
	298
	1
	0.47 b
	-
	[61]



	MOF-905
	1.34
	3490
	3770
	298
	1
	0.33 b
	11.7
	[61]



	MOF-905-Naph
	1.25
	3310
	3540
	298
	1
	0.45 b
	11.3
	[61]



	MOF-905-NO2
	1.29
	3380
	3600
	298
	1
	0.403 b
	10.7
	[61]



	NJU-Bai-41
	0.92
	2370
	-
	298
	1
	0.969 c
	17.77
	[60]



	Al4(OH)8(btec) MIL-120
	0.11
	308
	432
	303
	10
	1.7 d
	27
	[69]



	Cu2(tdm) [PCN-26]
	0.84
	1854
	2545
	298
	1.07
	1.1 d
	-
	[70]



	Cu2(ebtc)
	-
	1852
	2844
	273
	1
	0.6 c
	-
	[71]



	Mg(tcpda) [SNU-25]
	0.368
	795
	-
	298
	1.01
	0.4 c
	-
	[72]



	Zn(Pur)2 [ZIF-20]
	0.27
	-
	800
	273
	1.01
	0.7 b
	-
	[73]



	Zn(bIm)(nIm) [ZIF-68]
	-
	-
	1090
	298
	1.01
	0.4 b
	-
	[74]



	Zn(cbIm)(nIm) [ZIF-69]
	-
	-
	950
	298
	1.01
	0.6 b
	-
	[74]



	Zn(Im)1.13(nIm)0.87 [ZIF-70]
	-
	-
	1730
	298
	1.01
	0.4 b
	-
	[74]



	Zn(nbIm)(nIm) [ZIF-78]
	-
	-
	620
	298
	1.01
	0.6 b
	-
	[74]



	Zn(mbIm)(nIm) [ZIF-79]
	-
	-
	810
	298
	1.01
	0.5 b
	-
	[74]



	Zn(bbIm)(nIm) [ZIF-81]
	-
	-
	760
	298
	1.1
	0.5 b
	-
	[74]



	Zn(cnIm)(nIm) [ZIF-82]
	-
	-
	1300
	298
	1.01
	0.5 b
	-
	[74]



	[H2O][Zn7(μ3-OH)3(bbs)6]
	0.24
	-
	649
	273
	1.01
	0.6 d
	-
	[75]



	Co3(2,4-pdc)2(μ3-OH)2 [CUK-1]
	0.26
	630
	-
	298
	1.01
	0.4 d
	-
	[76]



	Mn(2,6-ndc)
	0.068
	-
	191
	273
	1.01
	0.8 d
	-
	[77]



	Cu(tip)
	0.34
	810
	1063
	298
	1.01
	1.0 d
	-
	[78]



	Cu(bdc-OH)
	0.214
	-
	584
	296
	1.01
	0.6 d
	18.5
	[79]



	Zn5(bta)6(tda)2
	0.24
	414
	607
	295
	1.01
	0.4 d
	-
	[80]



	Zn4(OH)2(1,2,4-btc)
	0.205
	408
	607
	295
	1.01
	0.4 d
	-
	[81]



	Co3(ndc)(HCOO)3(μ3-OH)
	0.58
	1386
	1434
	298
	1
	0.7 d
	19.4
	[82]







a Vp: pore volume. b Excess uptake. c Total absolute uptake. d Not reported whether total (absolute) or excess uptake. btec4-_= benzene-1,2,4,5-tetracarboxylate; tdm8- =tetrakis[(3,5-dicarboxyphenyl)-oxamethyl]methane; btei6- = 5,50,500-benzene-1,3,5-triyltris(1-ethynyl-2-isophthalate); bhb6-_= 3,30,300,5,50,500-benzene-1,3,5-triyl-hexabenzoate; 1,4-ndc2-_= naphthalene-1,4-dicarboxylate; ebtc4-_ = 1,10-ethynebenzene-3,30,5,50-tetracarboxylate; tcpbda2-_ = N,N,N0,N0-tetrakis(4-carboxyphenyl)- biphenyl-4,40-diamine; mIm-_ = 2-methylimidazolate; Pur-_= purinate; 2,4-pdc2-_ = pyridine-2,4-dicarboxylate; bIm- = benzimidazolate; nIm-_ = 2-nitroimidazolate; cbIm-_ = 5-chlorobenzimidazolate; Im- = imidazolate; nbIm- = 5-nitrobenzimidazolate; mbIm-_ = 5-methylbenzimidazolate; bbIm-_ = 5-bromobenzimidazolate; cnIm-_ = 4-cyanoimidazolate; bttb4-_ = 4,40,4,4-benzene-1,2,4,5-tetrayltetrabenzoate; 2,6-ndc2-_= 2,6-naphthalenedicarboxylate; dpni- = N,N0-di-(4-pyridyl)-1,4,5,8-naphthalene tetracarboxydiimide; tip2-_ = 5-(1 H-tetrazol-1-yl)isophthalate; 1,2,4-btc2-_ = benzene-1,2,4-tricarboxylate; bta-_ = 1,2,3-benzenetriazolate; tda2-_ = thiophene-2,5-dicarboxylate.
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Table 2. Pore volume, surface area, Qst, and methane uptake of selected carbons, zeolites, and porous organic polymers.
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Adsorbent

	
VP

(cm3 g−1) a

	
BET Surface Area

(m2 g−1)

	
Methane

Uptake (mmol g−1)

	
T (K)

	
P (bar)

	
Qst (kJ mol−1)

	
Ref.






	
Carbonaceous materials

	

	

	

	

	

	




	
MW-CNTs@JUC32-2

	
-

	
146

	
0.75 c

	
273

	
1

	
23.9

	
[83]




	
KUA51751

	
1.48

	
3350

	
1.34 c

	
298

	
1

	
-

	
[84]




	
KUB41701

	
0.92

	
2123

	
1.32 c

	
298

	
1

	
-

	
[84]




	
Maxsorb-A

	
1.38

	
3100

	
1.28 c

	
298

	
1

	
-

	
[84]




	
FELT 1

	
0.81

	
1741

	
1.34 c

	
298

	
1

	
-

	
[84]




	
LFC14

	
0.23

	
520

	
1.15 c

	
298

	
1

	
-

	
[84]




	
LFC30

	
0.41

	
930

	
1.22 c

	
298

	
1

	
-

	
[84]




	
CFC19

	
0.32

	
647

	
1.05

	
298

	
1

	
-

	
[84]




	
CFC54

	
0.84

	
1859

	
1.09

	
298

	
1

	
-

	
[84]




	
CFC74

	
0.92

	
2862

	
1.15

	
298

	
1

	
-

	
[84]




	
Zeolites

	

	

	

	

	

	

	




	
NaX

	
0.220

	
534

	
0.65 c

	
303

	
1

	
20.1

	
[55]




	
NaA

	
-

	
473

	
0.65 c

	
303

	
1

	
-

	
[55]




	
CaA

	
0.150

	
440

	
0.59 c

	
303

	
1

	
29.0

	
[55]




	
Polymers

	

	

	

	

	

	

	




	
p-Dichloroxylene (p-DCX)

	
0.36

	
1307

	
0.73 c

	
298

	
1

	
20.8

	
[54]




	
BCMBP/p-DCX

	
0.54

	
1904

	
0.72 c

	
298

	
1

	
-

	
[54]








a Vp: pore volume. c Total absolute uptake.











Entropies of adsorption on MOFs were determined. Particular emphasis was paid to quantify the effect of methane confinement in MOFs. Some MOFs were investigated for this application were HKUST-1, NU-125, PCN-46, PCN-61, SNU-30, SNU-50, UTSA-20, MOF-5, MOF-905, and MOF-519 [40,61,64,65]. Adsorption entropies were calculated to determine the equilibrium adsorption, maximum uptake of methane at process conditions, and rate constants for the methane adsorption process. Important characteristics of MOFs including open metal-sites allow for methane adsorption from the gas phase. The entropy of methane gas at 298 K is 188.66 J mol−1 K−1. The Sackur-Tetrode equation was used to estimate the entropy of translation of methane at 298 K to be 143.420 J mol−1 K−1 (Figure 2). The rotational entropy of methane gas at 298 K is 40.74 J mol−1 K−1. For one-dimensional translation, the entropy of methane at 298 K is 47.81 J mol−1 K−1.



The calculated methane entropy change of adsorption on a slab based was determined using Campbell and Sellers estimate to be −84.0342 J mol−1 K−1 [38]. This value provides an estimate of what degree of interaction is required for an enthalpic energy change for an effective adsorbent for methane for global methane emissions abatement. In Figure 3, the entropy of methane gas is compared to the entropy of adsorbed methane obtained by using the equation provided by Campbell and Sellers (Equation (1)) and compared to some experimental data [38].



To further get insight into how to design MOFs for methane emission mitigation, the translation and rotational components of the gas phase entropy that were lost upon methane adsorption were estimated. Two degrees of translational freedom are preserved, which are associated with methane travelling through the porous network. On the other hand, rotational freedom is more restricted particularly in the case where the pore diameter shrinks. This results in the hindered rotation of methane molecules in the one-dimensional nanochannel that was observed for a porous coordination polymer [85]. The rotational freedom lost depends on the framework of the porous material. This is because the degree of confinement of the methane molecule is affected by the pore size and pore size distribution of the material. This in turn affects the adsorbed state. Therefore, the degree of rotational freedom lost is important and is related to the pore architecture of the MOF, which allows for the better design of MOFs for this application. In Table 3, the physical characteristics of MOF frameworks are provided.



An important parameter which is known as a physical descriptor was used to predict confinement effects. Occupiable volume (Vocc) was used as the descriptor. Vocc is defined as the number of spheres with a diameter of 2.8 Å that can be packed into the framework of the porous material [37]. In Figure 4, the rotational degrees of freedom lost by methane due to confinement was related to Vocc. Frot,conf or rotational degrees of freedom lost due to confinement approaches zero with larger occupiable volumes. In Figure 5, the entropy change of adsorption was plotted against Vocc.



To verify the predictions made using the universal descriptor used to determine methane entropies, a comparison of calculated entropy changes was made with experimental data. Entropies from experimental data were calculated using the Clausius-Clapeyron Equation (12) at constant loading (Figure 6). The calculated methane enthalpy and entropy of adsorption from adsorption experiments are shown in Table 4. The entropy changes of adsorption determined from experimental data were found to be on the same order of magnitude as those determined using the universal descriptor.



The relationship between the enthalpy and entropy of adsorption of methane on MOFs was assessed (Figure 7). It was found that entropy and enthalpy of adsorption of methane on MOFs correlate. This was consistent with what was observed for the adsorption of hydrocarbons on zeolites [37]. Increasing enthalpy is associated with increasing entropy. This correlation was described as a compensation associated with an increasingly exothermic adsorption which is countered by decreasing entropy.



In case of methane adsorption in zeolites and what is expected for MOFs, the maximum heat of adsorption corresponds to a pore diameter of R = Rc = 21/6 σ, in which we have the maximum interactions of methane with the spherical shell. With increasing pore diameter from Rc, the heat of adsorption decreases. When decreasing the pore diameter from Rc, the interactions become repulsive and the magnitude of the enthalpy of adsorption quickly decreases until it becomes positive. The entropy loss upon adsorption increases with decreasing pore size. The entropy loss reaches its maximum when the methane molecule is frozen between the wall of the sphere.



According to Frost and Snurr, high gas adsorption could be achieved at ambient temperatures if the isosteric heat of adsorption could be increased for MOFs with large free volumes, but the negative impact for this theory was finding strategies for increasing the Qst without losses in free volume [90]. Frost and Snurr reported increasing the isosteric heat of adsorption helps to increase methane uptake [36]. By using the same theory, the optimal Qst in case of methane adsorption can be estimated.



It was noticed when the Qst0 increased the storage capacity of MOFs which gives an idea of possibility for all MOFs structures to attain the capture target, assuming Qst0 is increased enough without the loss in free volume. Each MOF structure has an optimal Qst0 which gives the maximum deliverable capacity. The optimal Qst was calculated as a function of entropy change relative to the standard pressure P0 (1 bar) (Figure 8). With increasing entropy change relative to the standard pressure P0 (1 bar), Qst decreased. Finally, it was concluded that materials creating with large surface area (>4800 m2/g) and large Qst values (around 20 kJ/mol) is potentially advantageous. While keeping the other variables the same, the Qst values increased. In case of real materials, the Qst value can be increased by adding some heavy atoms to the structure or by reducing the free volume which reduced the gravimetric or volumetric capacities to some degree but increased the challenge of attaining this design target.



In addition to the uptake capacity of the MOF for methane, the rate of desorption is important for this process in practice. The pre-exponential factor for the desorption of methane from porous materials was calculated. As shown in Equations (11) and (12) the pre-exponential factor depends on the rotational entropy and the 1-dimensional translational entropy. Because the translational entropy is a term, confinement effects. Therefore, the occupiable volume and pore diameter of the MOF effect the rate of methane desorption. The rate of methane desorption is important in this process because it indicates how long it will take to remove adsorbed methane after adsorption. This is important for the process to be cyclable. For methane desorption from a flat surface, the pre-exponential was calculated to be 6.2 × 1012 s−1. The logarithm of the pre-exponential factor is shown in Figure 9 for methane desorption. The rate of desorption depends on the molecular size as well as the degrees of rotational freedom lost upon adsorption. As shown in Figure 4, the rotational degrees of freedom lost upon adsorption depends on the occupiable volume and therefore the pore structure of the MOF.




4. Discussion


Enhancing Volumetric Energy Density and Cyclability in MOFs for Global Methane Emissions Mitigation


In the case of global methane emissions, entropy is important to determine how much can adsorbed and how fast it can be adsorbed in the MOF. Van der Waals interaction forces between methane molecules and atoms of MOFs enable the physisorption of methane to yield a density greater than that of the gaseous methane at the same conditions. There is an enormous amount of research going on to improve the methane adsorption in MOFs by altering the frameworks which tunes the interaction between atoms and methane to achieve higher stored energy densities.



The results combined together of the entropy of adsorption of methane as well as the pre-exponential for desorption of methane provide a guideline with which to design MOFs for methane emissions abatement. One key component from both results is that the pore volume and pore structure of the MOF is key in determining the driving force for adsorption and how fast the desorption can occur. The larger the occupiable volume, the less the rotational degrees of freedom are decreased. This leads to a decrease in the magnitude of the entropy change of adsorption. With a decreased magnitude, the maximum equilibrium adsorption uptake of the MOF decreases. The more rotational degrees of freedom that are lost, the larger the pre-exponential factor for desorption. This is associated with an increased rate of desorption.



The most effective MOF for enhanced methane capture at 1 bar and 298 K possessed a nano-trap. It was designed by arranging coordinatively unsaturated metal centers oppositely adjacent to one another. This was coupled with the inclusion of a high density of alkyl groups. This increased the energetic favorability to have methane in the pore. The results in Table 1 and Table 2 demonstrate that MOFs exhibited the best methane uptakes at 1 bar and 298 K as compared to other materials investigated such as carbonaceous materials and zeolites and are effective adsorbents. ATC-Cu, Cu-tbo-MOF-5, and HKUST-1 were found to be most effective for enhanced methane capture at 298 K and 1 bar.



The found differences between the MOFs can be related to the arrangement of coordinatively unsaturated metal centers and functional groups. In addition, a high heat of adsorption is also favorable for this application under these conditions. Interestingly, the best performing MOF for enhanced methane capture at 298 K and 1 bar contain copper. MOFs which have an inadequate overlap of the potential fields from opposite pore walls are not as effective at enhanced methane capture [35]. Ultra-high surface area is not as critical a property for enhanced methane capture as it is for MOFs designed for methane storage at 35–100 bar. MOFs that possess a nano-trap with high Qst, coordinatively unsaturated metal centers with a high density of functional groups are most promising for enhanced methane capture under these conditions.



It is also important to note that MOFs designed for methane storage for NGV do not always perform as well for methane emission mitigation. This is in part due to the fact that they have been designed to have low uptakes at pressures lower than 5 bar [60]. Therefore, design approach has to be altered for this application. Polarizability of methane, and functionality of MOF, and pore size need to be determined. There are a wide range of structures that can be made and the results here give an idea of the features for global methane emissions abatement. The results shown here assist in the design of MOFs for this application. From the pore structure the entropy change of adsorption can be calculated and related to Qst and desired pore structure of the MOF. From there, reticular chemistry can be used to design the MOF and test it at these conditions with some confidence and in a methodical manner. Furthermore, it was demonstrated that the entropy change of adsorption is directly related to the enthalpy change of adsorption, providing additional relationships that can be used to aid in the methodological design of MOFs for this application. The results are quantifiable and corroborated by experiments.





5. Conclusions


Here, the use of MOFs for global methane emissions mitigation was investigated. It was generally concluded that MOFs are appropriate for use as effective adsorbents for methane capture at 298 K and 1 bar from experiments and a comparison of the obtained results with experimental investigation of other possible adsorbents demonstrated that they are excellent adsorbents. Particular focus was paid to confinement effect of methane and its effects on entropy. Entropy is important to calculate because it provides an idea of how much methane can be adsorbed at a specific temperature and pressure and how fast it can desorb for each MOF for global methane mitigation. It was found that methane was confined in the pores of MOFs leading to a restriction in molecular motion. Methane lost one degree of translational motion when adsorbed and rational motion depending on the degree of confinement. The entropy loss associated with adsorption was calculated considering the translation and rotational entropy of a methane molecule. Through investigation on various MOFs, it was discovered that a single descriptor is sufficient in predicting the loss of rotational motion. This was corroborated by experiments. Lastly, the pre-exponential factor associated with the rate of desorption of methane was calculated and found to vary orders of magnitude depending on molecular confinement in the pore. In this work, it was demonstrated that all the parameters from a structural descriptor of the MOF to the methane uptake and rate of desorption are directly related. Furthermore, the entropy change of adsorption was directly related to Qst and to pore size to to efficiently design MOFs using reticular chemistry for this application [19]. The best MOF has the following characteristics of a high Qst (greater than 20 kJ/mol) and optimum pore occupiable volume. The results of this work can be applied to more efficiently design materials for global methane mitigation and for other gas adsorption applications.
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Figure 1. (a) M2(dhtp) (dhtp = 2,5-dihydroxyterephthalate) crystal unit cell with adsorbed methane molecules on open metal site I. The location of sites was determined by neutron diffraction. (b) Metal oxide pyramids, organic linkers, and methane molecules. Adapted with permission from [31]. Copyright 2009 American Chemical Society. 
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Figure 2. Methane translational entropy as a function of temperature determined using the Sackur Tetrode equation. 
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Figure 3. Entropy of adsorbed methane on MgO (100), Mg (100), PdO (101), Pt (111), and C (0001) surfaces from temperature programmed desorption (TPD) data analysis and adsorption data plotted against the entropy of methane gas represented by black data points. Orange point represent data determined from experiments associated with C2-C10 alkane adsorption on slabs [38]. 






Figure 3. Entropy of adsorbed methane on MgO (100), Mg (100), PdO (101), Pt (111), and C (0001) surfaces from temperature programmed desorption (TPD) data analysis and adsorption data plotted against the entropy of methane gas represented by black data points. Orange point represent data determined from experiments associated with C2-C10 alkane adsorption on slabs [38].



[image: Applsci 10 07733 g003]







[image: Applsci 10 07733 g004 550] 





Figure 4. Calculated rotational degrees of freedom lost upon adsorption with varying occupiable volume (Vocc). 
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Figure 5. −∆Sads vs. Vocc. The entropy change of methane associated with adsorption on a porous material for various occupiable volumes. 
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Figure 6. Plot of the natural log of the pressure in bar against inverse temperature in units of kelvin for various MOFs and the associated linear regressions of the experimental data points [32]. R2 for each fitted linear line is greater than 0.99. 
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Figure 7. Relationship between ∆Hads and ∆Sads of methane for various MOFs from experiments. Each point represents a MOF whose enthalpy and entropy of adsorption was determined from experimental data at 1 bar. 
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Figure 8. Optimal Qst as a function of the entropy change relative to the standard pressure P0 (1 bar). 
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Figure 9. A plot of the logarithm of the pre-exponential factor of methane desorption against the degrees of rotational freedom lost upon adsorption. 
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Table 3. Physical characteristics of MOF frameworks [86].
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	Framework
	Largest Cavity Diameter (Å)
	Void Fraction of Accessible

Probe-Occupiable Pore Volume
	Ref.





	HKUST-1
	13.14982
	0.67
	[57]



	DUT-13
	18.4908
	0.81
	[85]



	NU-125
	19.37323
	0.73
	[64]



	PCN-46
	12.05622
	0.72
	[87]



	PCN-61
	18.70668
	0.75
	[44]



	SNU-30
	14.9209
	0.83
	[88]



	UTSA-20
	9.95246
	0.57
	[40]
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Table 4. Calculated enthalpy and entropy of adsorption of methane on MOFs from adsorption experiments determined using the Clausius-Clapeyron equation at constant loading.
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	Framework
	−∆Hads (kJ/mol)
	−∆Sads (J/mol K)
	Ref.





	HKUST-1
	15.2
	61.7
	[32]



	Ni-MOF-74
	20.7
	77.7
	[32]



	UTSA-20
	17.8
	72.3
	[32]



	PCN-14
	11.4
	47.39
	[32]



	NJU-Bai-41
	16.1
	54.2
	[60]



	MOF-905-Naph
	10.87
	36.7
	[61]



	MOF-905-NO2
	9.86
	33.2
	[61]



	MFM-300 (In)
	16.49
	55.66
	[89]



	ATC-Cu
	23.6
	90.2
	[35]



	MOF-520
	14.0
	47.1
	[65]



	Al-soc-MOF-1
	15.3
	51.2
	[59]



	MOF-519
	14.1
	47.2
	[65]



	ZIF-68
	16.7
	61.2
	[74]



	ZIF-69
	18.4
	61.8
	[74]



	Cu-tbo-MOF-5
	21.6
	71.8
	[68]



	NJU-Bai-19
	14.7
	49.4
	[67]



	NJU-Bai-42
	12.8
	46.9
	[60]



	NJU-Bai-41
	14.4
	48.3
	[60]



	MOF-950
	11.3
	38.1
	[61]
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