R F F 4R

LRk

Review

ACTA CHIMICA SINICA

DOI: 10.6023/A22030134

ERANERESKMES. MoBEREQNFINA

Eg e BRE EMEer B
(* RERZERE AR G T TR KEE 300072)
(O REBERZFRE MR A AR E R E SR E KE 300072)

WE AR EARIBOR 5 ATH A=A DI, B SR I B4 I, i SUSAE IR L ARk AT DAR
MR . BUBMRHE SRR 2 A I RE O G B E B IR, ML TR g b, SR A PHER Ay — K
W LR, BATE KK R A AR e (R FLER R, JF HALE SR LR /N AT, X By LS e A 14
HE G AE AR AR B TR 5 20 BARI R, AT SEBRIR I H AR SRS IR SR . AR A0
PR S, DLOR AN AR BTSRRI, R 2% SRR BE 0 AN > B RCR K RIR LS T, PRI, R AT HUHEZR A
A B AL GER) AR, T EATIE UM 3 B SR v 4 S B A5 51 AR 2 AR AN Ml 5P B A DR

KA AR, SEANMES, AT s, ISR, U R

Application of Metal-Organic Frameworks in Gas Pre—concentration,
Pre—separation and Detection

Yan, Xu®’ Qu, Hemi*? Chang, Ye®b Duan, Xuexin
ollege of Precision Instrument an, to-electronics Engineering, Tianjin University, Tianjin
4 College of Precision I d Opto-el ics Engi ing, Tianjin University, Tianjin 300072
(® State Key Laboratory of Precision Measuring Technology & Instruments, Tianjin University, Tianjin 300072)

%,a,b

Abstract Gas separation and detection technology is closely related to people’s daily production and life. With the emer-
gence of various detection equipment, it has made remarkable progress in recent decades. Gas sensing materials play an im-
portant role in the process of gas separation and detection. Compared with traditional gas sensing materials, metal-organic
frameworks (MOFs), as a new type of porous materials, has ultra-large surface area, extremely high porosity, regular pore
structure and adjustable pore size. These unique advantages make MOFs particularly suitable as promising candidates for the
gas pre-concentration, pre-separation and detection, so as to realize the collection and enhancement of low concentration gas,
the separation of complex gas mixtures, and the reliable detection of trace target gases. The detection ability and separation
efficiency are greatly improved eventually. Therefore, MOFs are expected to surpass the traditional materials, and their ap-

plication in gas separation and detection deserves the attention of both academia and industry.
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Figure 1 (a) Schematic of MOFs formation process, adapted from the
literature [39]. (b) Comparison of BET surface areas of a part of MOFs in
this paper and common porous materials
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Figure 2 (a) Schematic of preconcentration, separation and detection
process of targeted gas on gas preconcentrator, gas chromatographic
column and gas sensor. (b) Schematic overview of this review
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Figure 3 Schematic of physical adsorption of gas molecules on porous
materials (1: external diffusion stage, 2: internal diffusion stage, 3: sur-
face adsorption stage), adapted from the literature [43]
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Figure 4 Schematic of selective gas adsorption by MOFs. Selectivity
comes from (1) molecular sieving effect of MOFs materials, and (2) in-
teractions between adsorbate and adsorbent surface; adapted from the
literature [53]

BT 1T LU SR A4 40 MOFs 148 & 55 R LG4 1
FEMANEE, FH ez ERE T KRR A,
XA T LR 19 MOFs BIVE 43732, MR4E B i
CNRIRIE, O RO 45K MOFs ISR AE
TSI AR EE FE(CCDO) . Bh4h, MOFs 824 T R
TP A, AT S A S BRI SE A, RO
FHEA MR RBUE ROk B, TR R AR 3R
REEAF IS, AR URAEE “1+1>27 BIPh F
TRIST-581 S ey i MOFs 7804443 85 R 0 45k L
A LT RS 5059641,

3 MOFs MATAFMESERS

WHEAEILY, REZUHFAFUES N aH
VR L PRAEHARAR, £E cm¥/m® H & 1073 cm®/m? (TG H]
W, P RS 1) SR BURE A A2 DL 58 O IR e R i A
(SIS I, AL, A A R T SR A IR B

Acta Chim. Sinica 2022, 80, 1183—1202



F F R

nes
Al
BF

H H TR AT E R, ZAAIEEY)
(I Tenax TA 55)UA K EA TEER 2 SLBRA R H i H]
TAME RS, R e AR TR AR AR Y, (S
TR NADRL, Zeid — B IV WACHR, PRl o 4 e Bt
(7 AL AR 73T AR IR B TR R, B 4 33K R T ARG
. fEE LR, AR A T IR AR R
TR, TR A B E 0 BOAS I Hh P A A BRI B T
B, T AR B 7 B A DR /M AE P B R LR TR
JUE. M TS 2 LR, MOFs fE0RFF T RIFA
SEVEREI, BAERMEERER, X EREAIESE
Tl w £ AU R B HH K F I PR s /516970,

TG ARTI G SR A R ERG Y, W H—IRAH
B BRI DL R SRR AR Lm0 — i s 2 ok R I B
FORHLRR (B 52)2%65), B A TR 95845 A1 il ) < Je 22 B
BB A TN FEREAT I, M SE LR I AP A
LB, AT B K ELE 10 em i, #VEBIK.
IR THRIE RN, XS BT bS8
AR AL T Ukl a5 B AR 98 045 5 0, 52 J 4k
(K1 B R JEAEK, B BRI THAR (I HRIE
R, MBLT 2 MR R TR TR AR A (A
SbyeoTT BT RS ARAN, 1 [ = 2 45 ) (R e vt
KT BARMANEE, REVERTURAE ST T (1 H PP
B AE 1 s WZERGIRIBUIY, PRI AR I E AT TR AT A e I <
PRI AR L A v T AR e A sUTI o A, Xt 1S
R A BT DA AR I R BN, U v BE O R K
fE UK 50)fl. Ak, PRI E G dsial US4
AL WAL AR R G b, Wi e ARG R
e AR PR

“«—3cm—>»
(c)
4 ‘/,ﬂﬂ%%mg%ﬁ
i
.llg:
%
= T B
g «

I Al/ms

Bl 5 (fe@ilE SR, )M ATEES8NIR T SwmE
SCHR[66]. (B AR R A% G S il s MM A Tl R 4
BJE RIS S XL, B B SCHR 6]

Figure 5 (a) Photograph of conventional gas preconcentrator. (b) Pho-
tograph of micro gas preconcentrator; adapted from the literature [66]. (c)
Comparison of signal peaks generated after the preconcentration of tar-
geted gas by conventional gas preconcentrator and micro gas preconcen-
trator; adapted from the literature [6]
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Figure 6 Comparison of GC chromatograms of thermal desorption after
concentration of 642X 10* ¢cm’/m* DMMP with preconcentration mod-
ule filled with IRMOF1 and 651 cm*m*® DMMP with empty preconcen-
tration module; adapted from the literature [74]
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Figure 7 (a) Schematic of sampling and desorption process on MOF-5
packed preconcentration tube. (b) Effect of relative humidity on the ad-
sorption of formaldehyde by this preconcentration tube; Adapted from the
literature [75]
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Figure 8 (a) Photograph of the preconcentration tube packed with
MOF-5. (b) GC chromatograms of formaldehyde obtained for ambient air
with different sampling volumes; adapted from the literature [76]
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Figure 9 (a) The repeatability of preconcentration effect of UiO-66
packed preconcentration tube on acetone and isopropanol. (b) The rela-
tionship between storage time of acetone and isopropanol in this tube and
recovery of these targeted gas at room temperature; Adapted from the
literature [77]
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Figure 10 (a) Photograph of pPC with UiO-66 deposited in the flow
channel. (b) Detector signal during thermal desorption of toluene from the
uPC (Black curves, heating supplied by integrated heater; blue curves,
heating supplied by convection oven; gray, reference measurement by
pnPC without UiO-66); adapted from the literature [80]
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Figure 11 (a) Photograph of a integrated gas sensing microsystem
contains a MOFs packed uPC (left) and two commercialized micro gas
sensors (right); adapted from the literature [81]. (b) The relationship
between preconcentration factor of pPC for benzene and sampling time;
adapted from the literature [82]
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Figure 12 (a) Photograph of uPC packed with MOFM. (b) FE-SEM
image of the synthesized MOFM. (c¢) Comparison of preconcentration
factor of BTEX in uPC with MOFM, RADI145 and Carbotrap B as ad-
sorption materials. (d) The relationship between the pressure drop gener-
ated by the targeted vapor passing through these three uPCs and the gas
flow rate; adapted from the literature [84]
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Table 1 Application of MOFs in gas preconcentrators

MOFs Ffizk T A e B S A RS 2R
- &R TR 5000, AA[F %M T Tenax TA 1

- = = e A i — 1 5
IRMOF1 (MOF-5) HHI S ATEEREE  FRESR T 2 [74]
B B Tenax TA IS AL R B 53
- GRS SR A .

MOE-3 RS LLE 173 5, ERR AR BN S 93%~107% (73]

MOF-5 G ST E HE 3% FH i — [76]

Ui0-66 G SR T e PR 5 Inkr B T3 89.1%~107.6% [771

Ui0-66 S AT S8 FOR BN E LR T 13.7 [80]

HKUST-1 WA SR TS R 3% ES EHEMRIFT Tenax TA, KEHEFT N7 [83]

MIL-53 WA SR TS R 3% x MR T Tenax TA [83]

BET MOF-5 1), S - MR TR L E AR RAD145 Rl

vk PURTURTR R A Carbotrap B, B8 T4 144 [84]
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Figure 13 (a) Photograph of conventional gas chromatographic column.
(b) Photograph of micro gas chromatographic column; Adapted from the
literature [19]. (c) Comparison of signal peaks of gas mixture separated
by conventional gas chromatography column and micro gas chromatog-
raphy column
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SR, XK TERE AT DA R AR SR AW (1 & R oy gk
TEB 8, IF HAER sz 7 8 K BE R e . &
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Keke s> 15 MOFs 2 [AlVu e )y 22 5, 3t s bt
YIS RE B E A, (EE FHARS KD 75
MOFs Z [MAGANIIR S FARICECAR BE I 2251, SEl T
BT IE R 2.2- T HE TR 2-FE IS R AN IE
OS5 AR IR S i Th 73 B () 14b). X H, DL
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e B R G4 (1 9 2-F 8L T, 2 IER e, 3 2,2-—H
BT e, 4 9 2-HHE N, 5 MIECKE); i H SCHR[93]
Figure 14 (a) Schematic of MOF-508 structure. (b) Separation of an
alkane mixture on a MOF-508 based column (1: 2-methylbutane, 2:
n-pentane, 3: 2,2-dimethylbutane, 4: 2-methylpentane, 5: n-hexane);
adapted from the literature [93]
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Figure 15 (a) SEM images of ZIF-8 coated PLOT column. (b) Separa-
tion of a petrol sample on this column (1: 1,2-dimethylcyclopropane, 2:
pent-2-ene, 3: pentane, 4: hex-3-ene, 5: hex-2-ene, 6: hexane, 7:
hept-3-ene, 8: heptane, 9: oct-3-ene, 10: octane, 11: non-3-ene, 12: non-
ane, 13: decane, 14: undecane, 15: dodecane); adapted from the literature
[95]
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Figure 16 (a) Schematic of ZIF-90 coating on the capillary column
modified by carboxyl groups. Separation of (b) linear alkanes, (c) ben-
zene homologues, (d) aldehydes, (e) n-alcohols, (f) 2-alcohols, (g) ke-
tones on this column; adapted from the literature [98]
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Figure 17 Separation of (a) isoleucine derivative, (b) citronellal,
(c) 1-phenyl-1,2-ethandiol, (d) leucine derivative, (¢) phenyl-succinic
acid, (f) 1-phenyl-ethanol, (g) valine derivative, (h) alanine derivative, (i)
proline derivative, (j) camphor and (k) 2-methyl-1-butanol derivative on
chiral MOFs ({Cu(sala)},) based open tubular column; adapted from the
literature [102]
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Figure 18 (a) Photograph of a pGC X uGC contains a HKUST-1 coated
uGC column and a ZIF-8 coated uGC column. (b) 3D chromatogram
showing the separation of light alkanes with 1~4 carbon on this pGC X
uGC; adapted from the literature [103]
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Figure 19 (a) Photograph of a ZIF-8 coated uGC column. (b) The sep-
aration of light alkane mixtures with 1~4 carbon on this pGC; adapted
from the literature [104]
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Figure 20 (a) Photograph of ZIF-8 films with various thicknesses
grown on silicon substrate. (b) The relationship between the shift of
characteristic peak in transmission spectrum and the propane concentra-
tions. (c) The relationship between the shift of characteristic peak in

transmission spectrum and the ethanol concentrations; adapted from the
literature [114]
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S A o S0 FH AT IE T R 0 a3 e B SCIR[119]

Figure 21 (a) Schematic of a MOFs based FO-SPR probe. (b) The
sensitivity curves of ZIF-8 and ZIF-93 modified sensors to methanol and
n-butanol. (c¢) Selectivity of these sensors for methanol and r-butanol;
adapted from the literature [119]
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Figure 22 (a) Schematic of BTEX vapors detections by a NH,-MIL-
88B/P(St-AA) based photonic crystal sensor. (b) The relationship be-
tween the wavelength changes of this sensor and the concentrations of
BTEX vapors; adapted from the literature [122]
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Figure 23 (a) Schematic of the preparation process of resistance gas
sensors with ZnO@ZIF-CoZn as sensitive materials. (b) The relationship
between the responses of these sensors to acetone and their operating
temperature. (c) The response-recovery curves of these sensors to 100
cm’/m’ acetone at 260 ‘C; adapted from the literature [124]
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HREDOT) & AT — 0 R, J3IM S &M
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A TRV AR TR, Rk, #F5 RAEH
CATE A UEA R} ) 45 T L BE I AR A S SR AR R
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KEVEE A 0~10 em’/m® (B 24c), XL DL
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Figure 24 (a) Schematic of preparation process of MIL-101(Cr) and
PEDOT composites. (b) The real-time response of resistance gas sensor
based on this composite material to nitrogen dioxide. (¢) The relationship
between the response of this sensor and nitrogen dioxide concentrations;
adapted from the literature [125]
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Figure 25 (a) Schematic of Cu;(HITP), structure. (b) Schematic of
resistance gas sensor with Cu;(HITP), as sensitive materials and the ex-
perimental setup used in this work. (¢) The real-time response of this
sensor to ammonia. (d) The relationship between the sensor response and
ammonia concentrations; adapted from the literature [129]

5.3 MOFs ZERER S A RIFFRINA

JoT R AR SR SRR 2 PT DR DN 38 I 78 AE 23 3R TR
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A A i Z ) R N B e T A D DX AR B i) AR 70 1
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[, BT MOFs fE45 M Re b HA & FE IR AT BT 1 A
AL, AT L@ AN [F) A () 4 R B A LD
WS AA R FLAR RN B AL A 2 A B BEAT I 4%, AT A
5 RS B SPRPR SR IR B . 2016 4, 2=k T R
YHUSHRIE T R EH MOFs (15 8 8B GRS Ak AR )
A1 FR ARSI 25 (1 26a). JE I LLEERTHIDURL T 4 Fh
N[ MOFs (ZIF-8. HKUST-1. MOF-5 1 MOF-177)/]
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T HKUST-1 S5 H 4 85 73& o i ek o W ig 1k, BAACA
PLECARZ5 46 h 2R 3R 5 48 2RI “ RS 7 R, I
LA AT 8 e S 41 A M B AR 6 1 56HIE T HKUST-
1 548 HERELFALER. SE6 45 R IR, HKUST-1 &
T i P A SR8 oF 48— FH R ) A A PR AT 5 400 <1073
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Figure 26 (a) SEM image of the HKUST-1 modified microcantilever
gas sensor. (b) The real-time response of this sensor to p-xylene. (¢) The
selectivity of this sensor for 12 vapors with a concentration of 50 cm*/m?;
adapted from the literature [132]
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Figure 27 (a) Schematic of ZIF-8 structure and it applied as sensitive
materials to surface acoustic wave (SAW) and quartz crystal microbal-
ance (QCM) transducers. (b) The real-time phase of a 3-cycle ZIF-8 film
coated SAW sensor measured in wired mode upon exposure to 4 kinds of
gases; adapted from the literature [136]
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Figure 28 (a) Schematic of the film bulk acoustic resonator (FBAR).
(b) The relationship between the responses of PDMS@HKUST-1 modi-
fied FBAR sensor and the concentrations of 6 VOCs and water vapor.
The responses of (c¢) HKUST-1 modified sensor and (d)
PDMS@HKUST-1 modified sensor to ethanol before and after water
treatment; adapted from the literature [143]

&M 7 AN [F] MOFs [/ AR IR A8 4 S5 51, I L7 5
M AR SR BE, AT LASEELZE A AU IR A ANX 43 2015 45,
Campbell ZFUSIFEMAT]Z BB T —4E T L MOFs 12k
fit BJFR 73T 3 PP S HM —4E MOFs, Cus(HHTP),.

Cus(HITP), 1 Niz(HITP), ) HLBH A 18k 3 B 51 (]
29a). 1X%% MOFs 5L, (HJ2 TR Ef1m 4
J& B A HLECAR IR 22 5 5 3007 X 2o PR AN A 1)
AR RE, R CLCEAT O BUBA R AR A B
ANFE RE B B HI SAR 2= EAN R I R, KA B
B35 2 B BT (PCAYFIL S5 &, TSI K 16 b
VOCs %5 RERBIEABEZE . Bl/BEE. feds. J5 &M
B 7 1 A 55 2 (P 29b); 1 FH 4R 40 5310 23 BT (LD A

(a) (b)
%g} {% i
x X x x = b
x:’ x.:x x}:_: ‘_;x = 1
@
X M MOFs MOFs o (Sfm) ~ o
4% O CuCuHHTPLN/ | CuHHTPL 0002 P
x¥x NHCUCUfHITR(2) My CuyHITR), 02 My = 1k i
NH Mi thHnP)?z_g_;,cHnP); z £L>:< -
g 8 H ) [
% A * -2 o T #
o o . <2 g 16 Iy i 2
3 L L L L
4 -3 -2 -1 0 1 2

EREAM (56%)

B 29 (a) Cus(HHTP),. Cus(HITP), fl Niy(HITP), &I~ E. (b)
13X 3 T MOFs 1B 1 ) (% A B 71 15 2 L4 /0 T (PCAYBLIL S5 A&, X 5
FARF VOCs HEAT X /3B R, i B SCHR[145)

Figure 29 (a) Schematic of Cu;(HHTP),, Cus(HITP), and Ni;(HITP),
structures. (b) Distinguish result of 5 types of VOCs by the three MOFs
modified sensor array combined with principal component analysis
(PCA) algorithm; Adapted from the literature [145]
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Wi N 45 B AT AL FE, TT DL I, A% IR I B 1) 43 2 HE T
Rk 92%. BTN BT —4E MOFs ({48 A% B #E 2t
17 7= Pt g, MR SE 515 MOFs H14: )8
B AL R 1A AR D AT e RS O 3 EOM RS A A
Pefub S5 B 2B M FUR AL EEL N K, T MOFs A HL
i 55 o7 2 1) PR AU AR 27 2 — 52 I DTk

RS EHERE, HHEWERmET Z M
SRR 1) QCM B IE B2 v 4L pl L 1 £ 11
T AR e % [ ge 2 — (1461 2021 4F, Okur ZU4HRIE T 1
FlER 6 1~ QCM % I8k 5 21 1 17) 2L A Sk Bk e g A o 38 12k 11
ML £ 30a), 1X2E QCM MIRTH 2 AR T 3 FFi
MOFs F174h 3 FdEFE MOFs 8. szib sl B8R, 15
M T Tk MOFs I A% B2 6k T S0 401 R A o) e
SRR R BRI B2, T dE T MOFs FEAZ 1 ff1E
TR IX P AN S A A 1 i A B A AR R].L K124 IR B
B S5 HLES 2 S BERNN)EE &, WLt 5 X RS
WK T R AT AT 0. SE36 45 R EOR, 10 MEA
YDA I R BRI 23, PR EE 96% (K
30b).

(a) (b)
Tl T

B30 (a1 3 Fh T MOFs M1 3 FhelE T MOFs &1 6 4~ QCM
BRI T SRR B (b) S 2 T 545 A kNN B0 5 %)
TR T RPN EE R g H SCER[147]

Figure 30 (a) Schematic of an e-nose composed of 6 QCM sensors
modified by 3 chiral MOFs and 3 achiral MOFs membranes. (b) Recogni-
tion results of 5 five pairs of chiral odor molecules by this e-nose com-
bined with k-nearest-neighbor (kNN) algorithm; adapted from the litera-
ture [147]

25 LPTi&, MOFs A2 L4, [HHAARA
(1 bl 2 T B LA R M Ak 2 (A AT (it A 23 BB A 3 1
frsd, PR EATRRHIE G AR AR AR IS o B R
(R 3). WARMLRET S, EARER KBS
RGP JEFENE S i WA ] DA R I 45 SR A g PR AT B
Sk o, MOFs HUE T LA 2§ TH% I8 s 1) R Al
JE, X EEAM T A S MOFs 2 8] RUF IS5 & RE
71, CARA BRI SRR 75 8. 53— 7T, MOFs 4
F P HIALS SR T RN TR Z T RIULECRERE, 454
AN S e A R DL RE 1S U 2 1 Z TR A T
TEF 207 MOFs A DU R U FHRE 22 1) SR, DAL,
A UURYE H AR U5 3E K MOFs, MIHET ik f&
KA PR, BEAh, JET MOFs [/ I8 ¥ i B
B )R SR A e 1 P LR T MOFs H )
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WAL 5 SR P Z B IR BEAE . — AN, MOFs
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I HAPER AL T PR A RE B B, AR 9 07 Wk [ e A —
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Table 3 Application of MOFs in gas sensors
MOFs i fEIRASR sk MR GE e =P\
2IF-8 ;ﬁz;??* LR Pk 2 BRI - 1A 40%F1 100%0 f 8 SR K [14]
FO-SPR {8 . ST AR E A om®/m? FIREIN A, Hodr ZIF-8. ZIF-93 &
ZIF-8. ZIF-93 smory e T R R KRS L1201
NH,-MIL-88B #l ZENF ik SR RZRL HIZR, LR R PR R 43 51y 1062.87+ 211.50, [122]
P(SEAA)EEME RO - 88.62 il 42.60 cm’/m’
ZIF-8 1 GQDs =T AR s
e SRR IR 1 em®/m? 123
b (R Ob) K TR AR IR M 1 em’/m [123]
ZIF-CoZn Al ZnO PR RH S5 B - ZIF-CoZn &1 J5 I A% 4% X A3 K 7 2 20 £, i pR [124]
HEME (H1%%) BT 2 MR
-101(Cr)f R ; _ N,
ingégLﬂ» igf% ® s AR g 60X 10 cmb/m?, ZAPERIEEA 0~ 10 cm¥fm®  [125]
Cus(HITP), ﬁﬁfﬁﬁ% AR FESRMPR A 0.5 cm/m?®, ZEHEASISERN 0.5~10 cm®/m® [129]
2
MEEERE e L b A s o
HKUST-1 R ) AR HIR HoF A0 H R AR PR A 400X 1073 em®/m’ [132]
_ AR AR D L
Ui0-66 BROTEA) ol PR SR B AR — I ARG U BR 5 1073 em®/m? [133]
JIF-8 SAW f£ 5% — AL M T B ke —FABE/S, ZIF-8 184 J5 AL Eas T —E LR [136]
(T — 85K, I ELZAE B ES v LATE TE 2k TAERR S S Bt — S A0 mse i Ass
HKUST-1 fl PDMS  FBAR f/&% /KHESM 6 i KRS, 8. EAF. Bok. ECkfIERRS 6 f 43
ke (R ) i VOCs VOCs [RHIIR IS JLA cm?ne, &K 15 H9(20 ~100) em¥/m? [143]
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BFF 7¢ b 75 R B 5 S0 45 SR VT L B AR A, AT A
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FHRLFHIFRE, BWARZTRERNFREHNE R %
(MEMS) % 3% FF AT 2 TAR, AR 7 ) A A AARAE B 3549
TR VAT A AR R AL AR AR o 49 52 .

BRI, ik, 2004 55 AL T3 d K&, 2007 FA +
B F#E K, 2011 Sk T bk B 5 k. 2014 £
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