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Formaldehyde Adsorption Performance of Selected Metal-Organic
Frameworks from High—throughput Computational Screening
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Huazhong University of Science and Technology, Wuhan 430074)
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Abstract With the rapidly increasing number of reported metal-organic frameworks (MOFs), conventional trial-and-error
method is obviously not applicable to the development of high-performance MOFs for formaldehyde adsorption, due to its
low efficiency, high cost and long developing period. Thus, high-throughput computational screening (HTCS) strategy based
on grand canonical Monte Carlo (GCMC) simulation is proposed to quickly explore the top-performing MOFs with high
adsorption capability towards formaldehyde. In this work, the computation-ready experimental (CoRE)-MOF database con-
sisting of 2932 MOF structures carrying density derived electrostatic and chemical (DDEC) charges obtained from density
function (DFT) theory calculations, were employed in high-throughput GCMC simulations for formaldehyde adsorption from
the air. The structure-property relationship from HTCS revealed that the MOF candidates with high formaldehyde uptakes
exhibited small pore sizes, relatively high selectivity and moderate heat of adsorption (Qy). Afterwards, the top MOFs with
both high uptake and selectivity towards formaldehyde were chosen for further experimental evaluation. Three selected
MOFs Y-BTC, ZnCar and Ni-BIC were successfully synthesized and characterized by powder X-ray diffraction (PXRD) and
BET surface area analysis. In order to validate our HTCS strategy, the representative Cu-BTC and activated carbon (AC)
were also adopted as controls. The formaldehyde adsorption test was performed in a sealed container with the formaldehyde
concentration of 100 mg/m® at 298 K. After 24 h adsorption, the formaldehyde uptakes of the adsorbents were obtained ac-
cording to the concentration changes prior to and after formaldehyde exposure by UV-vis spectrometer. It was found that the
adsorption capacities of Y-BTC, ZnCar and Ni-BIC were 0.38, 0.25 and 0.11 mol/kg, respectively, which were remarkably
higher than Cu-BTC (0.08 mol/kg) and AC (0.06 mol/kg). The recyclability of the best performer Y-BTC was also verified.
These findings open up the possibility of employing HTCS strategy for highly efficient exploration of MOF adsorbents for
formaldehyde removal.

Keywords metal-organic frameworks; high-throughput computational screening; formaldehyde adsorption; grand canonical
Monte Carlo simulations; recyclability
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Figure 1 The relationship between MOFs structure and formaldehyde
capture performance

(a) The correlation between formaldehyde working capacity and the largest
cavity diameter (LCD) of MOFs, colored by the heat of adsorption; (b) The
relationship between LCD and selectivity, colored by the heat of adsorption.
The working capacity and selectivity were calculated at the total pressure of 1
bar and 25 C
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Cu-BTC WfLIEZE M 2 Frw.

a b
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Figure 2 The crystal structures and pores of selected (a) Y-BTC, (b)
Ni-BIC, (¢) ZnCar and (d) Cu-BTC, the chemical structure of their or-
ganic linkers (e) Trimesic acid (H;BTC), (f) 5-Benzimidazolecarboxylic
acid (HBIC) and (g) L-Carnosine (Car)
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Table 1 The surface area, pore volume and pore size of Y-BTC, ZnCar, Ni-BIC, Cu-BTC and activated carbon

Appr/(meg ')

Vo/(cm’sg ") Pore size/nm

Sample
Simulated Experimental References Experimental Experimental
Y-BTC 1074 600 65614 0.243 0.70
ZnCar 498 235 44841 0.742 0.70
Ni-BIC 377 11 — 0.015 0.87
Cu-BTC 2189 1831 133314 0.841 0.35; 0.67
Activated carbon — 335 — 0.187 1.43

ASCH 4 ) Y-BTC. ZnCar A1 Ni-BIC ] PXRD 5
PRI THIN ) PXRD (& S5~ S7) LI R AT N, 2 B |
BRI, 45
2.3 FAEEIRBHIERE

PATRF B 500 H R P S50 5 42, 75 R
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Ni-BIC. Cu-BTC FlE MR (7 1k o iR hr T 2B AR}
HM AR AR =5, 7= 5ES 8 C112238, ¢ 1.0 mm)
5 Bl R EE A HEESUR T 24 h, IR R R R B
Ae/). WEFRHMZ, EAH GCMC fBftld, KA
HBS VR N 2440 mg/m’®, SRTTSLIG A, Rk HES 52 25
SAFAE BRI B ek S, R B S BOR GERRE R
FEPA. RS RN, FR I B LR FRATT IV R L P S 56 T
S WA LEEELE 100 mg/m®. Bk, RS2SR A 100
mg/m® [ PRSI, 3 BRGS0 I B A T B T 45
. Y-BTC. ZnCar. Ni-BIC. Cu-BTC A& 7% i) H s
W B S G ] 3 BT, S Rk FE R B 40 Sl 0.38
0.25. 0.11. 0.08 1 0.06 mol/kg, HEFE N Y-BTC>ZnCar
>Ni-BIC>Cu-BTC > & VLK, 1M iy 8 & v 57 97 1 11 45
RN, 3 B MOFs [ HEEW i &= HEF 8 Y-BTC >
Ni-BIC>ZnCar. Til45 R 5520 45 /X 5, R2E
HHT Ni-BIC P LR A 2 BUY. M1 Ni-BIC # bLR i
FUSR T B2 B FAErS A R b, B FITE B s &
YA TR TR S BT ARG R, I R A
fih MOFs [ 78 A7 B ™, Rk, S8 &M
Ni-BIC 4545 #R BB AR Z2 50K, L HH I W B REAIK
+ ZnCar.

H 3\, fEER) MOFs A1, Y-BTC ] I
B B85 (038 mol/kg), (HAIIK T CARIE 1) MIL-53(Ga)
(2.33 mol/kg)*?'. MIL-101(Cr) (3.34 mol/kg)™. Cu-BTC
(2.79 mol/kg)>!, =5 T [ [ 2 py T W B R 56 A 2% FH £
P ik AN ) T 51 A2 AR, 40 MIL-53(Ga) e P8 18 B 00 48,
FAE W SR FE N 2440 mg/m® (5 TP B3EAT B, T
Cu-BTC JEAE (a5 PRI 28 SR T AT PR VR PRIk
(1, T AR 100 mg/m®. HK, MIL-53(Ga)ZEW
B F P 28R P2 A B MIL-101(Cr) H ) ANV A0 45 i
A g AR T S A LA PN, mT i S
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Figure 3 The measured formaldehyde uptake in the experiment of
Y-BTC, ZnCar, Ni-BIC, Cu-BTC, Activated Carbon at 25 C
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Figure 4 The formaldehyde uptake of regeneration cycles for Y-BTC at
25 C
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Figure 5 The flow chart of high-throughput computational screening
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Table 2 The force field parameters of formaldehyde, nitrogen and oxy-
gen

Molecule Atom alA (elks)/K qle
C 3.75 52.9 0.45
HCHO (0] 2.96 105.8 —0.45
H 2.42 7.6 0.00
N_n2 3.31 36 —0.484
N,
N_com 0 0 0.964
O 02 3.02 49 0.224
0,
O_com 0 0 —0.484

GCMC BP0 RASPA-1.009, #Eftldkia
174X 1025, Hpi2x 10 B T /4074, J52X10°
A HFiH5 MOFs Wt &. &5 MC i, Sk
T2 LA FEIHEZAE MOFs #4740« MRS Jieds DAL K.
s, BPLIRE AR ) s e 25 CH 0.1, 1
bar. 2% Bellat 2221 B RS B S50 72, K HCHO.
N, Al Oy IR A L E N 2 © 798 & 200.

TAE & W AR

W=W\bar— Wo.1var 2)
RN S T EA L:
Shcnoi— Pucno /Wi

" Xicio /X, 3)

i RRIEF SRSy, 1R BB N, 5L 0,.
42 NHBES5EEAH

WA X BHERATHHMU(PXRD, 2 iHgNEHA 7], Em-
pyrean); bt 32 1 A 43 BT A (36 B BE 5L 4% /A 7], Quanta
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1Q2); AUGHUEE S AT L 43 o FE vk (R SR AT AR A TR
2], UV-1800SPC); £E# A E IR N #7745 148 (BT
J1RAEEBHEA IR A 7], DF-101S).

ANIKETEEREL[Y (NO;)*6H,0], 99.9%; 517K = Hig
(Trimesic acid, H;BTC), 98%; #% I Bk Wk -5- & &
(5-Benzimidazolecarboxylic acid, HBIC), 98%; 3-F3%-2-
2 I 18R M I fi R R R K A (B iR 7)), 98%; L-WLAK
(L-Carnosine, Car), 98%; B ) QO i = e
[NH,Fe(SO,),*12H,0], 99.95%; i %, C112238, ¢ 1.0
mm; A AR A B T AR AR B A PR A F
AL NIK A TR B [Zn(NOs),*6H,0] VU 7K & il iz 45
[Ni(NO;),*4H,0] — /K& HE4H[Cu(NO;),*3H,0]+ N,N-
T HEHE(DMF). =48 S TKHEE. oK
W, WERR. EhER. MR, WEREREN; DL EaRkHH sy
Mo, EZERLERFIERA A M. =R, &
Wl i AR AEACRHR PR A J P
43 MREREE
43.1 Y-BTC #4#|%

SR, 1% Y(NO5)3*6H,0 (3.677 g)#1 HyBTC
(1.681 g)i#f#T DMF (50 mL)F12: 577K (10 mL)f¥)iE
HIEWA, LS00 r/min FIEARSFE 15 min f5, KIREENE
TN 8 W = LA 3 IHER, AT THEA Y I E T
RMZEN, BT 100 CRIFES 17 ho Frig = HJoK
FEEVEIR =R, ZJRET 60 CHRIMAH T/ 8 h.

432 Ni-BIC 44| %

B SCHRET, K Ni(NOs),4H,0 (0.75 g)FIZE Ik
Me-5-FRBR(HBIC, 0.5 )AL 475 mL)FI 2B 17K
(75 mL) IR A, BL 500 r/min R BERE 1 h, K
PR G EEE T IRPZEN, HET 160 CHRIM
Fih 48 h. PRI TK FERRS =K, ZRE TS
PR 24 h
433 ZnCar 894 %

ZH R, ¥ 26 mL 0.336 moleL™ ) Zn(NOs),e
6H,0 7K A1 10 mL 0.442 moleL™" ) L-WUk /K & IR
&, ARE I 10 mL 258§ 7K1 100 mL DMF,
PL 500 r/min FSEEBERE 15 min 5, BT & & N ERR
H, AL °C/min FIEZEF S 2] 100 CM# 12 h, Z )50
1 C/min [HECRBEZR =R, I8~ WE 130 CTHEST
T 24 h.

43.4 Cu-BTC #4944

SR 1% Cu(NO;5),*3H,0 (7.02 g)fil HyBTC
(6.02 g)73 BV RATE 2 B 77K (150 mL)FITE/K Z (150
mL)H, JBAJE, LL 500 r/min BIEERAEEE 15 min. BT
RGN EEINE T RMEN, FET 110 CrH
W18 h, BT MIR RS TOKEER =k, BT 80 CTHY
JEFE % 6 h.
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4.4 MRIFRMESE

il % [f] MOFs @ik E e /EM K X 26 AT X
(PXRD) 34T S AR ZE# 43 H. R Cu ko 2R, TAEH
JE A 40 kV, TAEHIRA 40 mA, FHITEHE 20=5°~50°,
FEEE 10 (°)/min.

MOFs [ LR . FLAEFIFLIRTE LR TR AT
EsE. BEEF BN 50~100 mg, BESIIERTAE 150 C
FAETHE 24 h, A Ny fERIE Sk, 7577 K FlE
MOFs 1) %5 I W B R 28 . 3% B 25 05 W B R 28 plpo =
0.05~0.30 Z [f] X 4= /] T BET EL £ AR5, AL Lae
{1541 5924 SF i
4.5 FABEONBHSEIE 75 3%

PAHEE T —EFRBAFAEIESWIHEE, HT0
T MOFs M kbt BRI B (R 00, Sii s B e 6 R,
SRy T A 25 R HR I R SR [ K 25 SR R R (R I A E 71D
IR BRI T4, AR SR RV A 2 i — SR R 1) 7

TRE G U

Kle HWREMMIE

(WEM; QTURRE T () AR S =R R EE, (HU B, (5l #; (6)
W15 (TR (8)IE ST 1A, (9)THET &5 (10)WENF; (1T FET G 42
% (12) B E

Figure 6 The equipment for measuring formaldehyde uptake

(1) Nitrogen gas cylinder; (2) Gas flowmeter; (3) Quartz beads and
1,3,5-Trioxane; (4) U-tube; (5) Oil bath; (6) Valve; (7) Fan; (8) Sealed box; (9)
Lifter; (10) Adsorbent; (11) Lifter controller; (12) Exhaust gas absorption
device

B = TR A BRR I A SR N U R, B
FIHET 160 C i 4 holn#A 7 e A i e <A,
i PR N LR A ¢ F1 A8 PR (R R AR 0 100 L)
R R UR L. AR AR A AR IR BE X T, AR AR 1A N TR
BN 5 W R R AT R U R R AR, o
F I A 5 A A AR B B R BE BT, R T E
24 hFFE AR B AR 76 100 mg/m’. KPR FITE90 CF
TH 6 hJm, ETTHETEN, AT Gl
BT, BFEWRMIARE 24 h, (EWR IR A S A
HEAT 78 73 W B R P I TR A A vt AT MR e Ak
B ONSRUEWR BT RORL I OE AR P RCR, RS B R I
MEET 80 CEHZ T 4 h, HESIHT AKX

R A P9 PR AR R T B ) 2 e e BRI E . %
A 20 mL AR A AR, FES R 20 mL BT
(K150 mL £, FE RGBS, HUS mL SRR
A5 mL B B E T PRE P, A 0.4 mL [
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1% NH.Fe(SO,),*12H,0 /K, 2], ME LM 15
min. 7EPN 630 nm T, FIHI 736G RE TS LR P
AT RO G EERTIN, Gt 5 A v AT R, B
A PRI AR P O e A 00 WO B 712 52 T i A R P P I 14
IRPEZE, VH SRR R PR TR P Y PR R .

Buigt

SR A R RS 0 A I R O AR SORERER AR
PRAESCHE. BRI S 3R SR TH SR BRI, K
W BRI TR A A 2 A0 T 5 ) 27 g 2 0t WY s 0 A SC
AHECAR G B AR AR S Bt RO e
X L S0 R ST AR A T AR IR T
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