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Machine Learning and High—throughput Computational Screening of Metal-
organic Framework for Separation of Methane/ethane/propane

Cai, Chengzhi* Li, Lifeng* Deng, Xiaomei Li, Shuhua
Liang, Hong Qiao, Zhiwei*
(Guangzhou Key Laboratory for New Energy and Green Catalysis, School of Chemistry and Chemical Engineering,
Guangzhou University, Guangzhou 510006)

Abstract In this work, the separation performance of methane/ethane/propane (C;, C, and C;) mixture in the 137953 hypo-
thetical metal-organic frameworks (MOFs) is calculated by high throughput computational screening and multiple machine
learning (ML) algorithms. First, to avoid the competitive adsorption of water vapor, 31399 hydrophobic MOFs (hMOFs)
were screened out. Then, grand canonical Monte Carlo (GCMC) simulations were employed to calculate the adsorption be-
havior of a mixture with a mole ratio of C; : C, - C3=7 . 2 . 1 in these hMOFs, respectively. Second, the relationships
among six MOF structures/energy descriptors (the largest cavity diameter (LCD), void fraction (¢), volumetric surface area
(VSA), Henry coefficient (K), heat of adsorption (Qy), density of MOF (p)) and three performance indicators of MOFs (se-
lectivities (S), adsorption capacities (V) of C;, C,, C; and their trade-offs (TSN)) were established. The LCDs were calculated
by Zeo+ +software, and VSAs were calculated using RASPA software using He and N, as probes, respectively, and Q and
K were calculated in an infinite dilution of each gas molecule in an infinite dilution state using NVT-MC method in RASPA
software. Then, we found that there existed the “second peaks” of N and S in part of structure-property relationships, and all
the optimal MOFs located in the range of second peaks, especially for the separation of C; or C,. Third, the above-mentioned
six MOF descriptors and three MOF performance indicators were trained, tested and predicted by four ML algorithms, in-
cluding decision tree, random forest (RF), support vector machine and Back Propagation neural network. Although the pre-
dictive effect for the selectivity was very low, the introduction of TSN can significantly improve the accuracy of ML predic-
tion, especially for RF algorithm (R=0.99). Therefore, the RF was used to quantitatively analyze the relative importance of
each MOF descriptor, and found that three descriptors (K, LCD and p) possessed the highest importance for the separation of
C; and C,, and three other descriptors (K, Oy and p) for the separation of Cs;. Moreover, three simple and clear paths of opti-
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mal MOFs for C,, C, and C; adsorption were designed by the decision tree model with the descriptors. Based on those paths,
there were 96%, 85%, 95% probability that we can search for high-performance MOFs, respectively. Finally, the best 18
MOFs were identified for different separation applications of C;, C, and C;. This study reveals the second peaks and key
MOF descriptors governing the adsorption of light alkane, develops quantitative structure-property relationships by ML, and
identifies the best adsorbents from a large collection of MOFs for the separation of C;, C, and C; from natural gas.

Keywords metal-organic framework; gas separation; molecular simulation; machine learning
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Figure 1  Structure-performance relationships for the separation of single gas
(@) Scixca+c3-Nets (b) Nei-LCD; (€) Sciyca+c3)-LCD; (d) Scaici+csy-Nea; (€) Nea-LCD; (f) Scaici+c3)-LCD; (g) Nei-Scincatcsy, LCD; (h) Nea-Sciyca+cs), LCD. The
color represents the value of TSN. Each figure contains the data of 31399 hMOFs
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Figure 2 Structure-performance relationships for the separation of multiple gases
The color represents the value of the TSN. The figure contains the data of 31399 hMOFs
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T #RFEAT T 5 RNGRTIM. LA Pearson £k M:AHR R
R E VPN BRI FEAR, LS JCIZRINA T3 R (A AF
NEALER, X Ciy Con Cy MR SR DL &
FIALETME TSN 204 FHDUAR ML Sk mim, 458k
S1~S2 FfE 3 J S10~S14 fiz~. H#E S1 &K S14 7]
A, 6T C IR DU RR R LY R AR 2 ) T 4 TR
(R<<0.70), L¥EHAT N =50, X T Cy ik £ 1,
SVM. BPNN iz —M(R>0.75), RF. DT Fif
(R>0.85); PUFPEIENTT Cy MEFME A TR AR 54 (R
>0.81). PRIk, PUFPALES 2 > Sdont T e 8 ) Tl &%
B, AT o NTHER T, IS H B o, SR,
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Figure 3 Comparison of the prediction and simulation of TSN, test set by four ML algorithms

(a) RF, (b) BPNN, (c) DT, (d) SVM. The color represents the number of MOFs
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S5 (R>0.95), JUHZ C Wt E(R>0.98), & S12~
S13 7R, N T $mbLas 2% S0 g B0 PR s e T 2
B, FATHE R B R BRI I 2 A U kAT A
A, WA TSN d3E—Sa T i, k3 S2 FE
S10~S11 A&, X Cyv Cy BUHE T RRAR i (R>
0.94), {HX} Cy BUETE P R RF Blf(R>0.89). H
HROGET C B EL %) 0 4E S ERAR(R>0.98), RF J792:H]
1 0.99, W 3 Fras. &% FTA TSN AZS i, H R
EHEF N RF>SVM>BPNN>DT. AHEE H, 4T fr
BIMEREFR R RF #RA XA TN 45 IR, Xl BE 2
K2 RF Wz ARz e b ih, B892 hee
SR, PR, 8RS AMEE TN AN A, 2P
i RF TBLEY 6 MEIARFTEXT Crv Con C BT &
TSN HI5M 77, A—4bJ5 1331 6 N RR FF IR AR XS B 2,
WK 4(a) 23 S3 fivs. 459K M, £ RF B8, X T
Cy BUBTAE 7 1) 2 550 o 2650 3 B (o bR T AR 4
2 f%), FHAHX EE T N K>LCD~p> 0~ VSA~¢
(EEDT 1%UNAET); C 5 C, g1 M —80N
K~LCD=p>Q,>VSA=4¢, 1l C; N K>Qu==p>LCD
~¢>VSA. RF HEERRI T K& Cv Con Gy BUSHE
(55— B EHHR ST, LCD Al p N 8 = B BT,
X585 Wu Z10% €, £ MOF #4741 ML it 5
F—2. KUk RF 7] LA MOF (A SR 75 S v i T3
W Civ Cov Cs MIERERPHMERE, JEE R H MOF fiiid
FFRE . XA R TRk, T — P 3.
T IRFERI 5388 Cy 1AL MOF ¥t igie, A
TAEE kT TSNe, >0, & 1232 /> MOF (3.92%)1E
N fE MOF, FRARYEA B HEP, S8 = AR
Bl K. LCD. p 1EAZ XREMARR) =ANT 5, e
FEREANY SR BR3P SR, A T = RS
R 3 2000, 3 — 0, fEFTA MOF H R H %503
U, Frisas ROz A A R MOF %, i
Ab)ATR, BALE AN K<5.00X107 mol/(kgsPa),
LCD>0.381 nm, p>1942 kg/m’, it i% 7> 2460 it

K 32.00
30.00
LCD 28.00
26.00

o

24.00
22.00

Q. 20.00
18.00
VSA 16.00
14.00 s
@ 12.00

0.05

TSN, TSN, TSN, W(%)

(2)
B4 SRR AN H 2 SR MOF 1 H SR BTt A

P

p>1409Kkg| p<1409 kg

FRE53 8 C, M5t MOF A2 nTik 2 96%. 7 {5 A
FEEAMTLERMH LCD X2 )5, kR
FHR &L BRI & W48, LCD st st X
64 0.381 nm<<LCD<<0.390 nm, 5 A% & /34 fff 43
2 Cy et MOF 1] LCD [X [R5 S AEA— 2. iR ft 43
2 C, Ml C; AR MOF [t 42 2 il i S15. S16
FiR, WM Cy fefl MOF HIRAL & T2 K>1.60X
10 mol/(kgePa), LCD>0.890 nm, p<<608 kg/m’, i#iL
2 RN B3 253 B C, B Al MOF FRME = v i 3]
85%. WLFH Cs fff MOF [t st it 4y K>1.20X
10~* mol/(kg*Pa), 0,,>20.97 kl/mol, p<<933 kg/m’, i#iL
2 RN B3 2153 B8 C; B il MOF FAE = v i 5]
95%. IXEEsF ZLMMRT T HAH3 B Cv Con Gy AR
MOF BA — & 15 bri L.

2.3 fHE&M MOF

BT UL EZ R G, DUEE R ML 5.
AHE TR 3 18 Fh 23 TR A [7 W B 43 5 155 ol e A
] hMOF, ‘EATHIIR FECH 2 71 T3 1 figk 2. & 1 v]1§
Xp Cy BT B ERE R R MOF, Sc, & KN 185.73,
HH IR BT BN 1.73 mol/kg. R C, Ak T4
BN, M MOF fLIE 425 ¢, [k THlix, HxfC,
SRR NS, HiZFLEER R A ¢ R
orfamid, BRZAPRIT Cy 2+ BB K. T b
LMK, HAh SR TR RERE NI FLIE N, REAt
R F A S AR TR B S OC. X T C, i
B33 55, MOF X} Hofg ik A0 15.02, (HI T &EH
2.70 mol/kg, T C) MIEALIRP &, X2l T EHFL
75 Cy T R/INMHIERS, BERPIEZ K Co X G,
H R K, Wik 8.24 mol/kg; (HILGEFEIEE T N,
1471, FrUABE SR 38O, 3 A TR B 2 B i
ARG T8 MOF X 3 (1)U B Bl ok, (H FLde R PR/,
X G CLRIE I AR, AHE AT R L R L MOF, Xt
C3/(C+C) L FRME R 14.71, & Wang 251477 298 K.

Nc+>0.1 mol-kg™' 1232MOFs
3.92%
Ser>1 K>5.00x107 mol-(kg-Pa)| K<5.00x107 mol-(kg-Pa)" i
TSNei>0
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Figure 4 Relative importance of six MOF descriptors and the design path for optimal MOFs by decision tree
(a) Relative importance of the six descriptors for Nci, Nca, Nes. The color from yellow to red represents the relative importance; (b) Design paths for optimal MOFs.

The optimal and suboptimal routes are highlighted in red and blue, respectively
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x1 BAN BT ENERE RN MOF
Table 1 MOFs with the best separation performance of single gas
No. ID* Separation” ¢ VSzA/ _5. LCD/nm P 5 K s IR Quo/ 5 N _. Selectivity;; TSN
(m“ecm ) (kgem ) (X110 " molekg *Pa ') (kJemol ') (molkg ')
5596 0.19 12.47 0.409 2155.40 0.83 25.84 1.73 185.73 9.05
1 5064104  C/(C,+C5)  0.15 25.20 0.408 1412.42 0.38 22.42 1.51 167.21 7.72
28683 0.18 25.42 0.411 1454.41 0.54 23.93 1.51 151.70 7.60
5064945 0.27 253.16 0.502 1161.02 22.02 30.41 2.70 15.02 7.32
2 5045909  Gy/(Ci+Cs) 022 168.85 0.471 1169.10 23.25 32.67 2.55 14.83 6.87
18082 0.35 278.64 0.439 1356.09 10.19 30.25 2.73 8.51 5.85
5040329 0.84 1912.16 1.125 595.65 10.68 15.46 8.24 14.71 22.16
3 5057692 Gi/(Ci+Cy)  0.87 2479.15 0.947 547.52 15.94 15.79 8.29 13.19 21.37
5058511 0.86 2140.52 1.035 577.48 13.82 16.59 8.16 12.70 20.75
“IDs for h(MOFs and could be checked in hitp:/hmofs.northwestern.edu.*® ? i/j: i is preferentially adsorbed.
*2 AN ENRERLE MOF
Table 2 MOFs with the best separation performance of multiple gases
Ki/ O/
No.ID' Separaion’ ¢ % LCDmm (X107 molkg™+Pa!) (ool ) kg by SElEANI TSN
i i i i
5065628 024 97.14 0.425 1423.84 059 0.24 20.87 2347 271 119989.27 31.67
1 5065547 (C+Cy)/C; 024 96.29 0.425 1608.60 0.52  0.20 20.86 2327 238 59584.04 26.18
5065597 021  112.60 0.423 138042 053  0.17 2037 2221 2.51 17990.25 24.62
26460 0.74 1549.05  0.673 1854.01 4.11 9533.59 18.99 3956  2.77 2.34 2.36
2 6004244 (C+C3)/C, 0.59  1260.58  0.642 1321.85 298  3489.71 17.03 34.07 2.76 2.02 1.93
23883 0.70 187833  0.636  1104.88 3.71  7036.01 13.81 2692 4.78 1.47 1.85
5040329 0.84 1912.16 1.125 595.65 2.76  10.68 13.12 15.46 11.67 16.85 32.97
3 5057692 (C+C3)/C, 0.87 2479.15  0.947 54752 321 15.94 12.74 15.79 11.96 14.14 31.69
5058511 0.86 2140.52 1.035 57748 3.16 13.82 13.73 16.59 11.96 14.04 31.60

“IDs for hMOFs and could be checked in http://hmofs.northwestern.edu.’"* (i, +1,)/j: i1+, is preferentially adsorbed.

100 kPa H. C, @ C3 5 BE/RIRA R Co/Co i B 3.1 £
Llewellyn 255 77 i) MOF #4k|-MIL-53(Fe)fE 303 K.
1X10° Pa it %f CHyv CoHgw C3Hg HIWR B 43514 0.19,
1.43,4.05 mol/kg. 1M 1 FiEf MOF ) C;v Cov C3MK
B2 A 1,73, 2.73, 8.29 mol/kg, ‘EATIRA mik £
IR AT AR K B Llewellyn T4 ARt &1 9 5.2 f5 A0
2 . WA MIL-53(Cr)7E 303 K. 1X10° Pa i %} CH,
IR P& 3.5 mol/kg, IR 1+ C, MWt 1.73
mol/kg. X/ H T ID 5596 5 MOF [F]I i 185.73 K&
PR, MIHIELS HEP, X LCD £ 0.425 nm A4,
ATRAMRSEIR B €y, TTJLTF5E AWM C, F1 Cs, BN
FLIEFHT C WIHER TR, (HERIE TR
PERE. PRICA AR Hr ik ok i MOF BEIEA T
C1/Cy/C5 HI43 .

2 3R S4 a5, X C+C, SR s T ILm b
BEAE LI MOF, HALARTE 0.42~0.47 nm [X ], 1 NF 1
ALEL, X CyF Cy A BT ERE ) MOF, HALARTE
0.4~0.42 nm &% 0.44~0.5 nm [ X 8. B E=AEdE
XTEE RT3, C)+Co LM P PERE S AR [ MOF, HALAEK
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N Civ Cy BN B RE SRR MOF [T ¥9MHE. & R HY
PR U H ] Ak TS B(E B P DA BE B A AR, RERERRIE Cy
WP PERE B AL, TR RERET C, MR TERERRAL. T T
PRUEEZIT IEZS /0 A, HUHR (A)E Re Ao LWL B 7Rk, T
H MOF fL421E 0.42~0.47 nm X [a], 1XH C, W B
et MOF FL1%(0.4~0.42 nm)f§ K, %S4 FLiEH C,
SRR, BEREM R 2 Sk 1, NAZRT 2K
Ci o FWLME. X CAk T s, 2L it
MOF FL&ZEFH/, BEREWRIHE] C, 707, Tt
LR, WA S KAK. KT C 4 Co FLIR B G e
] MOF, VSA 5 ¢ 7RFF A 1Z . 1 B _ESCRT A, p HELL
fRIESA MOF, BRI p AFFEZHE. C+Cs LS
C+Cy FEM 2R, B3 3.1.2 5 0] 4, Co4-Cs 3t
WS Cy BRI PR, (Rl Cy+Cs FLIR B 1 e B
1. MOF HIAy Cs B0t 4 GE 5t MOF.

3 4

TEARTAE R, BATE Jaild AR o by, V15133
THERTE (P VSA. LCD. p. K. QOy) 5B AR B AN
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ZEAR T B B N, JEEEE S R EAUEE TSN
ZIHIRR, EIRE X T8 IMHX 0, Wit T 5E g
B I JE R AR, DRI SR B3 C, B
C, HhREEALH MOF. #:45 KH 1 PUFRRHL#S 2% > S (R
DT. RF. SVM. BPNN)Fillll C,v Cpv C; FRMR P e 14
JR B SN RERE IR TF, JE T VP L8 2 o) SE X
MOF BT A HERaTE. LL#E Pearson 2B H, X C;
B A TR R SR BT (R>0.81). {H T b &, DY
FREER IR I P BN 25 - (R>0.95). A T =il
2 250 T I B R P TR AR, 3 20 X R B A
RPN P BT A (TSN)BEAT TR, % F B A 1 P R
Fabr RF B8 ARG (O T 45 3, J bk — 25455 RF
TR 6 MHIARFXS Civ Con Cy AU E B A X E
B 5K, RF B ERERILT K & Cv Con G
BUETE 25— B EHIARF, 1 LCD Ml p /&5 58 = H %
IR FF. R RF 0] LA A MOF FRAF SR 15 R HE R T
MW Ci Cov Cs MRERWIYERE, MfE, FRATRA T
BIBRL, 73 3%F Civ Cov Cs I =Rl i I RR R 2547 7
BT, SRR T —%& Wi Civ Con Cs B RE IR
MOF )42, HRHEIX = 2% B A2 0 1% H SR 1 MOF 43 314
96%- 85%- 95%MIMERIA RUFM Civ Con C3 MR
Re. sk, BAVIRE T 18 P43 Jl 5 LA [ W B35 e 1
TSN # K MOF, KIUT-W 7385 C 8k C, M &, P
A E MOF #BHBLESE —IEEIX [A]. A TAEMZT7
4T T MOF &5 S EAIRMTEREZ ML R, K
LT B MOF [ THER 2R, Xt 5eflt MOF & A —
SEMIFE SYEM, A MOF 75 R840 3 7 TH IR Bt
TH&RSE NHRIES.

4 #HEAG5FE
4.1 HTFER

A TAEFTH hMOF f& 1 Wilmer 251450\ 25011 &
H 6 MRS HIE MOF g A2 5dE 4 F i 102 A5
TS B W PR 7R B o i 5 ) A LA R
FH Lennard-Jones(LT) % G pf £tk :

12 6
%) _(a
Ty T

HoA 1y g4 eroe(r) R R R F 1A A RE, & TR i AT R
TR AR, o, Ko 5T A 3O IR S, ry RonAH
HAEHPREFZ IR, ¢ NRTHMEL o=8.8542
X107 C*N"', FREZ/ HH L MOF 1) LT Z3%CK
I 7135 (UFF)PY, 2%tn3 S1 iR, Cv Cow G I
LI Z$% ] TraPPE 771712, H,0 71 /13%% H Tip4P-
EWP, UFF a] DUR G b T 35 Ff MOF {9 A4 B,
(BT B A B AL s s B 42 55 1) MOF HR
B AN AR T, _EIRIX TR i 4 S AL MOF Xtk
A BARMIEA ), 2 5 SR e R, Rt

q:9;
Are,yr;

Uy jtelec (}") :z 48?/ t+
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BATE S HERR T 3E/K J18 ) hMOF. 7E1HE K 1= F)
R, FIF MEPO-Qeq i:PHE 5T MOF (51 FLfiT,
PR DL P A SR T Ay, R EEET MOF At
177 CO, WM EEILERAE. A TAEAE 9 MOF 45 4
RFF 0y )2 e KFLAR(LCD), AARFR 2 TH AL (VSA) A4 Fi
¢, LCD H Zeo+ +#MH5H5; ¢ F1 VSA J& F RASPA
BRAEBO 4 3 DL E A% 0.258 nm [ SR B 4% 0.364 nm 1)
B NRE TH AR B W BGRT R R O A
RASPA %A ) NVT-MC VA 7E LR RER S N i H A
43 F1E MOF H (¥ B e 45 21 (1.
42 THEFFE

BATE A5 T K T4E 137953 4~ hMOF Hf75
2%, HEHRE Moghadam 2507 TAE LA ZIF-8 Jy 70
P 31399 NE/K Y hMOF(BIE S17). #%, KM ELE
MR IE(GCMO) I 7 ¥E 5 BT 31399 4> MOF
X RIRAH Cpv Cyn Cs HILE 298 K A1 13X 10° Pa MR P 43
StERe, o= oAk CL. C2. C3 MR IM & 1)
teflon 702 01 B, B GCMC BT 3T,
TR R P R 3 (AR, IR E 2, H MOF
SERIME B 2 NI, RS T T AR SR R . @it
Lorentz-Berthelot 1 I+ MOF 55 W Ff 5 2> 1 18] it AH H.
YRR, T8 =4kt & ot n B A M 7, R0 ah e s — 4
FIaay BRI ZE /D 2.4 nm. 1.2 nm FIERFEAL 1F 5
TR LY MEAE, 7EKF R R T B A HAE
R Ewald™™ sk f179%, Fifs GCMC #5435 1k
RASPA #E. 7E4E4 MOF KR ERIZ 4T 200000 MG
¥R, HI 100000 /Mg TP, f5 100000 MEH AT
GUHTIME. FAEAHE n D MC RIS A B B
W 2> T E ), MC Bah G TR, el FEAm
e, NORUEBRLER M, BT A 1 GCMC EH IR b b
WA, W08 PS8 G R B, X A5 SR s e A
K.
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