5541 B 8 o owm L T Vol.41, No.8
2024 4 8 A FINE CHEMICALS Aug. 2024

Theefr
M OFs $1&; ACF W57 B9 H & A H,S B BR$5 1%

% /é% 1,2, IS 1,2*, < E 1,2’ A BT 1,2, E'J‘/ﬁ‘v 1,2’ X'J%‘—L"%L’ 1,2
(1. PP R ZaRr S TR, Bl W% 710054; 2. VLR RS PG FHIF R Bk E
REE A E S E, BEVE PEEE 710054 )

FEE: B RAYE (ACF) REFIESERAVAELME MOF-199 I+, 7E/K#MAM % T MOF-199@ACF I
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Preparation and H,S removal propertiesof ACF
adsor bent supported by MOFs
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Abstract: MOF-199@ACF adsorbent was prepared by loading activated carbon fiber (ACF) onto
MOF-199 metal-organic frame material under hydrothermal conditions, characterized by nitrogen
adsorption/desorption, XRD, EDS, SEM and XPS, and evaluated for its H,S removal performance by a
fixed bed reaction device. The effects of ACF loading capacity, adsorption temperature and relative
humidity on the H,S removal performance of MOF-199@ACF were investigated, the possible reaction
mechanism was also explored. The results showed that compared with those of MOF-199, the H,S
emergence time of MOF-199@1% ACF was delayed to 405 min from 180 min, and the sulfur penetration
capacity was increased from 7.2 mg/g to 14.5 mg/g. ACF with loading of 1% did not interfere with the
stable crystallization structure of MOF-199, but roughened the MOF-199@1% ACF surface inducing more
adsorption sites exposed and increasing the specific surface area (from 1108.6 m*/g of MOF-199 to 1978.3
m?/g). Adsorption by MOF-199@1% ACF was dominated by chemically activated adsorption, with
adsorption rate increasing with temperature rise (30~70 °C). Meanwhile, a moderate amount of water vapor
(relative humidity 10%) could help to improve performance (penetration sulfur capacity 14.8 mg/g).
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materials
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1.2.1 MOF-199 #93% it 55 4,

ARSCIEH MOF-199 # 8L, 78 H,S W B ik
K REivEne . HALER ZHXXWIERE, &
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HUAE A UTTE HoS B4 )8 %721, MOF-199 40 F4%
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£ MOF-199,

a— RS b— T4
K1 MOF-199 #5#/m EE
Fig. 1 Schematic diagram of MOF-199 structure
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1.2.2 MOF-199@ACF #j 4] &

MOF-199@ACF il £ JiFe/m B E A&l 2 iR .

(1)1 gH H,BTC T 17 mL C,HsOH 5 17 mL
DMF (R4 #50 H OOF F8 0 i bR i A A i A, R
2 g 1Y Cu(NO;),*3H,0 ¥ T 17 mL £ & F/K I
FEOT PR AR By (2) FRIA A S B
SEEMEHATIRA, SN BEE 1 h 58 E
MOF-199 Hif3K¥# ; (3) ¥ ACF A % 60~100 H ¥

ki, BURIRI BT ACF 23 I AHTER I, 28/ 714
£ 1h JFHEIA 100 mL & RVUIR IR = R,
F85 CFRN 24 hJ5, ARBHEER; (4) ¥
RER AT, Zead DMF Wik g5, 78 CH.CL iz
i 3d, HH CH,CLIAW 1 k/d; (5) 7E 45 C Rt
T, BRFEAE R, # ACF fig& (Bl ACF fif
B TIED 1%, 2%, 3% 5% 5 i 4
& MOF-199@1%~5% ACF,

Fig. 2 Schematic diagram of MOF-199@ACF composite preparation process

1.3 IR IEREITEM LI

MOF-199@ACF ) H,S JIi B i R FH 18 2 R 2
NREE AT, MR E EERAE ARG . AN
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AR —= HHEPIERIRS
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Schematic diagram of fixed bed reactor

Fig. 3

[P 7 PR I I 2 8 TC 25 A o SR (IR RS 400
0.05%M1 H,S. 1.00%M1 O, 1 98.95%[K) N, ) #Ef7{it
Ry BB & MOF-199@ACF %51 & 0.2 g,
FHBHIA 26 15 %€ T 948 3 mm MOS8 e ; 1T

BAHES  BRETE 30 °C, ADSMKFEHEN 100
mL/min, SCETETHRAEE N AT, HERR 22 Ak,
SIS FFIRTTEA Ny A THER B, 10 min J5 XM
N, WIS HT I &5 A HoS MbsvEIR AR,
FELAERT 208 0 min JFARIESRSARESE, HoS it
W EE A I 6] (E] B A 5 min. B65E HoS M H AR
JE IR B A FUE (K2 28 mg/m® ) WA Nk
FiES, RAARX (1) IR g EmRE.
v(py — p, )AL
0- Po mp ) (1)

X O AFBEHAE, me/g; p N H,S Bk
JE, mg/m’; po MHED HyS REWE, mgm’; v R
SRR, mi/s; Ar S HoS PR A] 3 28 7 I ] Y
mfiE)Asfkfe, s; m SN MOF-199@ACF fyfift, g,
14 REEFZE

FUBRZEFI I AE « R Ny W/ BHSGI E , 49K
FEf R 0.1 g, 4rHril B -195.850 °C, FiHT ]
K2y 20 min, P2 BT N, B/ BERHAEIRZE, 13&
FEM A LR AL, FLAR A1 AN FLAAR AR

SEM RAE . i F SR HITH5E, MRy
1 kV, TAEFEE R 4.9 mm, FCRAEECH 1000 47,
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XRD FAE: X} MOF-199@ACF #4741 54T,
filss Cu 8 K, 5126, BEHLHA 40 mA, HUEN 40KV,
HIERIY 10°~80°, =% N 8 (°)/min,

EDS #fE: X} MOF-199@ACF ZfiICE M W S
AR TN E A3 Hr, M Rl 20 kV, HIEHN
20 pA,

XPS A : SLIRESHRIE XTI S 1 Cu B HEH]
BB HEL IR, ] THR9T MOF-199@1% ACF W H,S
HINAERLER, BOROEIEA ALK S, T3k 120 W,
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Fig. 4 Penetration curves of H,S for MOF-199 and MOF-
199@ACF with different ACF loading capacities

# 1 MOF-199 FIA[RE ACF 12 H MOF-199@ACF Y%
B

Table 1 Penetration sulfur capacity of MOF-199 and MOF-
199@ACF with different ACF loading capacities
H,S ¥ Fifs i
U S g e
i [&] /min IFE]/min+~ HA/(mg/g)
MOF-199 180 210 7.2
MOF-199@1%
ACF 405 435 14.5
MOF-199@2%
ACF 365 405 13.5
MOF-199@3%
ACF 295 320 10.7
MOF-199@5%
ACF 200 235 7.8

M 4 F136 1 nTLAIEH, MOF-199@1% ACF fiit
frERERBZ 1, H H,S HBLRE (405 min ) AT
K A13% ACF () MOF-199 ( 180 min ) %EJ5 225 min,
H,S ZEi# At [a] A MOF-199 ) 210 min #EK F| 435 min,
B MOF-199 Y 7.2 mg/g $2T+ % 14.5 mg/g.

MOF-199@ACF Gtk e 5 1 2k i I A ik
PERFR . HEWEHAE T, Yfigkid s ACF i), ACF
FU Y SAUE BB AT T 78 Y B A L, A AT ACF #E
MOFs F 45, Rk EZHEESIEM S ; W

ACF #5F MOF-199 25 [, fdi#i T MOF-199 fLi&

220, TE AN RFLIARTR, T 51 A 3 m A
W, WA F T MOF-199 % H,S 431 B9 f ;24
ACF il A &if81d MOF-199 i&# &, d&EAY ACF &
SEIEM R FLER, PR L RS LA, AHT HoS
WAL, RBOLE I REREAI
2.2 WRBHFIAIRAE
221 ILMEEMHH

& 5 & MOF-199@1% ACF \MOF-199@2% ACF

1 MOF-199 A9 N, W /i b 45 i £k o

e MOF-199
450 —a— MOF-199@1% ACF
—a— MOF-199@2% ACF
qoof T MOFIP@ZAALY | e
3 350 X
g 300
18 250
= 200
150}
100}
N —6—07 04 06 08 10
AIXTE ST (p/po)

Pl 5 S [)RE 0 N R - A 26 TR 2k
Fig. 5 Nitrogen adsorption/desorption isotherms of different
samples

M S ATLEH, EFXT T (plpy ) BAKHET,
MOF-199@1% ACF . MOF-199@2% ACF i
MOF-199 J&& 81 H SFL AL RE B S RLRRAE N, 0 B it 2%
i i R A B B, X R BH T R A I AL 5 A 2
BN R IR s FTARESE plpo = 0.4 Zb H R H4 WS 2R,
HEHE TUPAC ¢ N, W/ B A iR £ ) Jm T IV AL, [R] A
2 W B AR AT AR /DA fL o AR SR s
Z RS (NLDFT ) BERUXT 0 B 5] i FLAR S5 kit 4T
T, ERE 6 Mk 2 PR,

0.5

—o— MOF-199
—=— MOF-199@1% ACF
| —— MOF-199@2% ACF

<
»

S
w

0.2

dV/dD/[cm?/(g-nm)]

0.1

0 3l B\ N0t
04 06 08 10 12 14 16 1.8 2.30
fLA2/nm

Kl 6 FEAh Y NLDFT fL42 43 1 i £k
Fig. 6 NLDFT aperture distribution curve of samples

M 6 Fik 2 iTLLEH, fi#k ACF 5 MOF-
199 BHRFAGFLAARFR K b TR AR & A T AN E R FE Y
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MAE . MOF-199 ik K 52 G M R B FLIR BRI,
LA FEAAE 0~2 nm Z 8], H L 0.45~0.60 nm iy
F .24 ACF gl h 1%, S LA 4 =5 0.94
cm’/g ), MOF-199@1% ACF # b2 i A2 R A ( A
MOF-199 () 1108.6 m*/g % 1978.3 m?/g ), ffLIAFH
% ( )\ MOF-199 4 0.57 cm’/g # % 0.76 cm’/g ),
LB BT, X R H T ACF 5 MOF-199 34k
[T AR A LR, B8 UE T ACF By M [ 2% 78
HARMSFLIE N ; B2 ACF &N 2%H0,
MOF-199@ 2% ACF Ry R AL (1432.1 m*/g) H
MEREEE, XM T &% ACF I 5 52
MOF-199 2 i, TE Kz s, B 7= A K- £l
PIIL,  E R BURBAFL 3 55 A BT T R

2 MOF-199 B SYH b m AR FALIA RS EL
Table 2 Specific surface areas and pore structure parameters
of MOF-199 and its composites

. ERmB  BALABY BULIARY
wl‘ﬁ‘“u 2 3 3
(m“/g) (cm’/g) (cm’/g)
MOF-199 1108.6 0.73 0.57
MOF-199@1% ACF 1978.3 0.94 0.76
MOF-199@2% ACF 1432.1 0.69 0.48

222 RO
& 7 & MOF-199 il MOF-199@1% ACF , MOF-
199@2% ACF 1] SEM [,

El 7 MOF-199 (a), MOF-199@1% ACF (b ), MOF-

199@2% ACF (c) ) SEM K
Fig. 7 SEM images of MOF-199 (a), MOF-199@1% ACF
(b), MOF-199@2% ACF (c)

M 7a 7B H, MOF-199 S48 AR i /\
IRZEty, RIEDCH, BMATY, 524 THGER
MOF-199 Z5#—3, KUK MOF-199, MK
7b AT LLEH, MOF-199@1% ACF WIEA45H 5
MOF-199 HifBl, & H B B 25FaBse, HIRmEHRE,
LR ZEHER IS, XA R T 258 AR BB Y
W B A CRFL L )i b4 ), SR AR B AP

SEM EIBE T 2R /K AE Ik T el ACF ik
TEERAR T, RS T4 MOF-199 45 5B ke i 4544
{H2Y4 ACF iz i~ 2%MF, MOF-199@ 2% ACF #1k}
) ZRTH IR BOE YT 7c), RMALL# ACF
2350 MOF-199 fiA B2
223 WA

[ 8 & MOF-199 F1 MOF-199@1% ACF . MOF-
199@2% ACF fJ XRD %[5,

MOF-199@2% ACF

MOF-199@1% ACF

Mot P A

MOF- : 99

10 20 30 40 50
20/(°)

% 8 MOF-199 1 MOF-199@1% ACF. MOF-199@2%
ACF By XRD &

Fig. 8 XRD patterns of MOF-199, MOF-199@1% ACEF,
MOF-199@2% ACF

M 8 AT LI i, MOF-199 H5HF b i B4 47 B
5 3CER[27140E — B, #E—R B, WL MOF-
199, MOF-199@1% ACF Fl MOF-199@2% ACF
TSt i 57 B 5 MOF-199 JLF-— 3, {H 38 Ji5 31 i 184
SR, WA R AT R S, W] MOF-199 (1)
FAREEHZ ] ACF /IR BER T4, T8 B A 3 1Y
I 2% 48544 . MOF-199@2% ACF FRERAIF I 5 J3 W& X T
MOF-199@1% ACF, it ACF 23%F MOF-199
BAAARZE T AN A S
2.2.4 MOF-199@1% ACF #) EDS & #7

% 9 & MOF-199@1% ACF [¥) EDS {145 % .

E 9 MOF-199@1% ACF £ # EDS &
Fig. 9 EDS spectra of MOF-199@1% ACF surface
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MIE 9 7T LI H ,MOF-199 i #; ACF )5 ,MOF-
199@1% ACF Z5¥ %1 C, O JLE M4 JE Cu

10 J2 % 3 S MOF-199@1% ACF [ EDS %
EYSE SN e

55 i /a.u.

.

0 2 4 6 8 10 12 14 16
fEE/keV

E 10 MOF-199@1% ACF f EDS %l
Fig. 10 EDS spectrum of MOF-199@1% ACF

3 RFITTRILIL

Table 3 Composition of of various elements

JER Brit s 80% JRTAHOE 53 H/%
C 66.04 76.08
0 25.53 22.08
Cu 8.43 1.84

ME 10 K& 3 W LIEH, 1E8 MOF-199 # %}
DL ACF #HRbh i3RI CE ¢, Hom o 5or i1
ANECE 43 FUAE MOF-199@1% ACF i ir; O fER
ISR PN T B R TR, R A BRI R
BOA A HeHESE — 5 th MOF-199@1% ACF 1) EDS i
& AT LIS A 2 Cu BRI, Cu SLRIE NS
A MOF-199 #4kH () 0%, A Fl T MOF-199@
1% ACF JB AR B 2 5 o
2.3 [ R & xR Bt 57 R B 1 B B9 B2 M
2.3.1 R EE SR W AR B AR 69 %A

RIS E N 0, B 11 g 4 & MOF-
199@1% ACF FEA R BRI B2 F /9 HoS i Bt BE T

M 11 5k 4 v LLE W, 7E 30~70 °C, MOF-
199@1% ACF X} H,S F W R} 12 bt 5 W BRI 1) T i
M3 AR, H,S 9 H B[] A 405 min ZE K % 425 min,
ZEIBA A 435 min SEK E 455 min, ZFEBHRAEMN
14.5 mg/g $2T+ 2 15.2 mg/g, 33 15 B W B i B8 1) 42 T
HHT MOF-199@1% ACF %} H,S By fi4TH . 18
AR R B R (IR A R, Y R B AR s IR T
TRRE, T i BE A ) T e i e 5280, ZE SRR
MOF-199@1% ACF Xt H,S ) B[] isf 5 K 4 BRI
B FAL AW B, L DAl IR B 0 AR IR B oy 2, R

T R AR A T B HoS, H &2t HaS 41
TAEMZ B R Y1, 15 HoS 43+ T 45 5 4% fii
W BRI 2 TR AR, R RS (RS, Ak
RERER, FITHEA A, BE R H,S Ak
B, 300 H,S MR

e
7
.@ 200
mﬁ 150 70 &
£ 100 50 q%(
A p L
= 0/ o &
B [ I L L ! !
300 350 400 450 500 550
F5f 8} /min
B 11 AFEEHHRE T MOF-199@1% ACF 1Y H,S %1%
£k
Fig. 11 H,S penetration curves of MOF-199@1% ACF at

different reaction temperatures

# 4 MOF-199@1% ACF TEAN[F] W5 BH L IE T 1 25 475 it 25
Table 4 Penetration of sulfur capacity of MOF-199@1%
ACF at different adsorption temperatures

LA H,S tH 5iE 5
TR /°C B[] /min At 8] /min B4/ (mg/g)
30 405 435 14.5
50 405 445 14.8
70 425 455 15.2
2.3.2  RE IR M R AT AL 69 %0

P N IR E A 30 °C, [/l 12 FilEE 5 J& MOF-
199@1% ACF TEA[RIAHXHE BE T 19 HoS Wil RE I
Moz s i .

(=
S

5
g
2
]ﬁ 150 5040
& 100 30 &
= 10 &
50 2
U /
H 0¥ r . ; . , 0 =
0 300 350 400 450 500 550
Bis} [ /min
K12 ARFEMAHEE T MOF-199@1% ACF ) H,S %35
HIESS

Fig. 12 H,S penetration curves of MOF-199@1% ACF at
different relative humidity
ME 12 figk 5 afRAE S, DK% MOF-
199@1% ACF WifmtEie A Frde st HAXHRE N
10%M}, MOF-199@1% ACF B 5B AN 14.8 mg/g,
T AR SR RE o 1 5K S MOF-199@1%
ACF (1) H,S WA AR AR #ELHI I 13 Fos
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# 5 MOF-199@1% ACF 7EAEAIXHRE F 2B M A
Table 5 Penetration of sulfur capacity of MOF-199@1%
ACEF at different relative humidity

AEXF H,S ¥ B ik
TR /% fisf [A] /min fisf [A] /min i 7% /(mg/g)
0 405 435 14.5
10 420 445 14.8
30 375 410 13.7
50 355 395 13.2

MOF-199@ACF

13 @EmAKSS MOF-199@1% ACF By H,S WKt/ 4k
PEHEHLH]
Fig. 13 Mechanism of H,S adsorption/oxidation promotion
by appropriate water vapor on MOF-199@1% ACF

MOF-199@1% ACF J&ZfLAPEL, CA SCHRIED],
TEZ AL R 4AAL HoS B, ZKXTT HoS BR HA
B, B AR R e R R T B2
IKIEE, H,S i ASLHTEKIBEAETE T8 HS, HS
1E O B F A R BT o SR T, B /K R G 22
IK5rF-435 MOFs M BHW A A £ & RO Bl (7, 5 HaS
FEAETEIR T, M AR, SFRERENRIE,
WFEFLBR, MMk s pE
24 KRBT

B 14 b I 4 il D 52 560 245 o S A o 55 1
XPS 255, BT RIS Fl Cu B REHI AN,

932.0

934.1

928 929 930 931 932 933 934 935 936 937 938
& REeV

b 162.2

163.6
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