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Abstract HMOR zeolites has an excellent performance similar to enzyme catalysis in the carbonylation of dimethyl ether
(DME). The distribution of framework aluminum and the identification of the active site of the reaction are the key issues in
the study of the reaction mechanism. The early work was based on theoretical calculation to study the active site of DME
carbonylation, but lacked direct experimental evidence. In this work, a series of HMOR catalysts were prepared by calcina-
tion of NH4MOR at various temperatures. The stability and location of framework aluminum were studied by a variety of
spectroscopic characterization methods. Moreover, the evidence of reaction mechanism was obtained by the carbonylation
reaction activity of dimethyl ether related to the acidity of MOR zeolite and aluminum distribution. Firstly, it was found that
the crystallinity and morphology of MOR zeolites did not change significantly after calcination at different temperatures by
XRD (X-Ray diffraction) and SEM (Scanning electron microscope). However, it was found by 2’Si, ”’Al and 'H Magic angle
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spinning (MAS) solid-state nuclear magnetic resonance (NMR) that the local environment of HMORs was dealuminated,
which resulted in obvious defect hydroxyl groups and the decrease of Bronsted acid sites (BASs) content. In addition, the
calcination temperature has a great influence on the stability of framework Al of HMORs. Increase of calcination temperature
will accelerate the occurrence of dealumination. Quantitative 'H MAS NMR combined with Fourier transform infrared spec-
tra (FTIR) provided the distribution of BASs content in different channels of HMOR zeolites. By using 2D *’Al multiple
quantum (MQ) MAS NMR method combined with the representative slices parallel to the F2 dimension of MQMAS NMR
spectra at selected F1 chemical shift to distinguish the framework Al sites, it was found that when the temperature was lower
than 600 ‘C, framework Al atoms located in the different T-sites had the similar dealumination rate. But when the calcination
temperature was increased to 600 ‘C, the removal rate of Al atom at T3 site was accelerated. Furthermore, the relationship
between the carbonylation performance of dimethyl ether and the distribution of Brensted acid and aluminum was studied,
and the definitive spectral evidence of the carbonylation activity center was obtained, that is, the Al site at T3-O33 was the

active site of the carbonylation reaction.

Keywords HMOR; acidity; aluminum distribution; solid-state NMR; DME carbonylation

1 5l

530 & — Tl e ik 28 DY D AR (S10.4) FH 8R40 Y T A4
(A10,) 38 i ST 3% 42 1T 1 11 5 A LT 0 R A 11 o A
Bl MRS R T AEE EEAE R AR T
AL — F Tk (DME) Fk 2 A 7: il #% £ 18 F R (MA) =28 i
C—C g = CLLEMINER B &R, S8t a
(HMOR) R HARF 1 FLEE M RN SR T B R 1T i B A7 3L
R4 MOR 437 45 DU A dib M AN 240y DG T
A BH B A7 s R AN A, YR[00 1] 5 [F) A7 76 56 A [
TR+ — e EFLIE(12 MR, 0.67 nm X 0.70 nm)F1/\ 7t
FAEFLIE(8 MR, 0.28 nmX0.57 nm)(& 1). ##& H[010]
77 W\ TR FLIE (FL 1 R/NA 0.34 nm X 0.48 nm)idEAT
B, 5 ZouH R FLE A E, 8 AR M 04
(Side-pocket)* 4. A[F] 47 B () Bronsted BRAL(B FR) X
L) 53T R I AN R R BRI, 1% AL e 2 Ok B
%2, Bhan 2Nl LLAMIR)IETT AN, — FEEIRIEAL Y
TS HMOR 1)\ JtH B BRIKE K IELL. Corma /&
AU I PSR, 2064 )\JCHR T3 L
TR BB A TS T AL R, e B BRI R B A R T AR e
CO i NZRIM AL AR i ORI R P 2. 7 — T
[fi, f77- HMOR -+ 7o W INIRALES &) T LA fE kT,
JRERE+ e G S AR, R T =R T
AT A U0 — Ak, BRI AL OB AR 4
IR E DME 7 7 5 #r 2 2E Si(OH) AL EL/E FHAE iR
T F AR R, SRS CO RN\ JeH P i F AR L AR
R LT R B TR e P IR, i — 431 DME 5
T F AR B 2ol T2 XS R A R LA R
2[ 22230 23 550 SR D ] A S 4R B AR 30— 285 41 WA U 0 3
LR FETE TR, M2 FAESE T IR HLER A A EE.

T HEE DME BRIER S FEPEARR E T, O
TR T 2R 71K HA48 MR F1 12MR FLIE 2 7] (R 1
B 05 B o A, IR 2 e A R R B R
2200 # Ak oI ER MR KRR BRE A
PSP e IG i —BAE B 22 64 SMR LAY
1] B &1L 5 DME BB R BE A 5C. 2R, 54
A B BRALE UIAH K 1B QL8R R 1 ) o A T sk = A

il

Acta Chim. Sinica 2022, 80, 590—597

© 2022 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

RIRALF B AR SCRRE AN, T3-033 2 — H ks
FEACHIE TR0, (HR NSEI T BRIEE T3 A1 mif Al
JE 5 R R BT AZ AL B 0 BB AL AR SE PR TR
MOR 43 i £5 FE B, #2453 il id K e 22 e
G IR R AN AT e S 2> A E AR I R, (B A
FIRLAI LA RASTE T A7 B F 240 S AR e P22 47
SMEFFRABIIT.

B 1  Mordenite 7> T i 4245 #4 7~ 2 B (HS[010] 7 171)
Figure 1 Framework structure of Mordenite (viewed along [010])
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Figure 2 X-ray diffraction patterns of NHsMOR and calcination treated
samples at different temperature.
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Table 1 Physicochemical properties of NH,MOR and its calcined samples under different temperatures

Surface area/(m’eg ™)

Pore volume/(cm’sg™")

Sample Cxrp/%

Si/Al ratio BET Micro* Ext* Total Micro* Meso*
NH,MOR 100 7.3 — — — — — —
HMOR-450-4 90.3 9.1 446.3 409.7 36.5 0.23 0.19 0.06
HMOR-500-4 91.1 9.7 4329 395.9 37.0 0.22 0.18 0.06
HMOR-550-4 90.8 10.9 4545 414.1 40.3 0.24 0.20 0.06
HMOR-600-4 90.9 12.5 400.2 366.0 34.2 0.21 0.18 0.05
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Figure 3 Si MAS NMR spectra of NH;MOR, HMOR-450-4,
HMOR-500-4, HMOR-550-4, and HMOR-600-4
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Figure 4 Al MAS NMR spectra of NH,MOR, HMOR-450-4,
HMOR-500-4, HMOR-550-4 and HMOR-600-4
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Figure 5 The 'H MAS NMR of HMOR samples (A), the FTIR spectra
and the deconvoluted results of signal at 3608 cm ™' of HMOR samples
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#2 T 'HMASNMR Hl FTIR /] HMOR #% 51 B B4 i
Table 2 Bronsted acid distribution of the HMOR samples derived from
'H MAS NMR and FTIR

'"H MAS NMR/(mmolsg ") FTIRY/(mmoleg )

Sample
Total SMR 12MR
HMOR-450-4 1.62 0.98 0.64
HMOR-500-4 1.86 1.00 0.86
HMOR-550-4 1.36 0.83 0.53
HMOR-600-4 0.9 0.52 0.38

“FTIR was used to evaluate the ratio of B acid sites of 8MR and 12MR based
on the integrated areas of signals at 3590 cm™' (8MR) and 3610 cm ' (12MR).
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Figure 6 Al MQ MAS NMR spectra and their fitting curves of HMOR zeolites: HMOR-450-4 (a), HMOR-500-4 (b), HMOR-550-4 (c) and
HMOR-600-4 (d). The representative slices parallel to the F2 acquisition dimension (the anisotropic chemical shift dimension) at selected /1 dimensions
(the isotropic chemical shift dimension) with the fitting lines are on the left, and deconvoluted 1D *’Al MAS NMR spectra by using quadrupole line shapes

are on the top of /2 dimension
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Figure 7 DME conversion and MAc selectivity (a), Space Time Yield plotted against the concentration of B acid site in 8MR (b) and the number of Al
(T3) (c), respectively over HMOR-450-4, HMOR-500-4, HMOR-550-4 and HMOR-600-4. The reaction conditions are as follows: reaction temperature
T=200 °C, total reaction pressure pr=2.0 MPa, composition of reaction gas V(DME) : V(CO) : V(Hy)=5 : 35 . 60, gas hourly space velocity (GHSV)
=1800 mLeg, 'sh !
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Table 3 Relative percentage concentration for amount of substance and corresponding concentration of AI(IV)-1 at different T sites and Al(IV)-2 species

Al(IV)-1 Al(IV)-2
Sample v Tl T4 e
(%) mmoleg ! (%) mmoleg ! (%)  mmoleg™! (%)  mmoleg ™! (%) mmoleg ™!
HMOR-450-4 9.93 0.1639 18.11 0.299 40.69 0.671 31.27 0.516 — —
HMOR-500-4 10.20 0.1589 18.37 0.286 40.63 0.633 30.8 0.480 — —
HMOR-550-4  9.95 0.1394 15.38 0.215 24.80 0.347 23.66 0.331 26.2 0.367
HMOR-600-4 9.11 0.1125 14.80 0.183 24.16 0.298 13.73 0.170 38.20 0.471

B R I 22 3 AN [ iR B A5 2% A1 MOR 731 Wi 45 it B A
FEMEIEA K EHEARL. EHMN N, YE. —4
»Si. YAl % 'H MAS NMR i & B, R Beim it e
TR R AERT B BR% R R R, I 2D Al MQ
MAS NMR 5 A [Flg FERE et mnidb AT Al 70 A gk — D
F, BRIV LAE X T ALt T IH @ fe 08, K
KR BEART 600 CHY, &4 T AL Al J5 7 B Rk
AL, BREBEETEZE 600 CHE, T3 A28 Al Ji+
(B B T e bR [RIIF, AN DME $RFIEAL S B 724 MAc
Er Y% 8MR 1 B R T3 fLsiide Al HEX
AR AT S T3 78 1) B BRAL A2 FRIEA S N 35 P
. B2, ETAEAMURAEE T 0570 0 F i 2R s
AL AR L IO 77 v, BN 7% MOR 43-F 0 —
ik 5% JEE 1 S5 I ) RV AV - S B 47 1 2 R (RN,

4 SILERSY

41 HmEHE

JE K NaMOR (SV/AI=7.3, & AR 7)) LT B
SRR . B NaMOR 2 T & T S b iph, 78
A5 T HEREFTHEZE 550 CRABE 6 h LABR 241
WA . K5 ReJE I FE S E 80 CI/KIIEE, 1 mol/L
NH,NO; /KR & 7280 3 Ik, R 2 h, HERIFREL 0.5
g NH,MOR 70 & T8 b, Rz =<+ (100
mL/min) I =R THEQ C/min)E 450 C, f£4F 4 h, H
AR 3] H B 0. ARYE RS bl B AN, BE & bR
i N4 HMO-450-4, HMOR-500-4 HMOR-550-4,
HMOR-600-4.
42 EHFIBIRIE

K 22N RLA B X Pert PRO %Y X B R AT
SHGHATYIA S 8, FEHHEIEN Cu Ka, 40 kV/20 mA,
HHRGEH 5°~60°. #£ & RIESUE D H 37 SUS020 B 4#4
H R AT BRI TR 2 kv, TAE
B 10 mA, T/EIEE 6 mm. X3 E Micromeritics
A H] ASAP 2020 HUI BRI E A i R B SR T RRRH AL A
B BET SR EAE S LR TR, FIH t-plot kit &
e LR RN A8 S A5 3 21 4 3% 7E Bruker Tensor
27 {XE8 bidsk. fEME 2 BT, HMOR Ff 5 7E B S A5G
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420 CHUSALEE S h, AHIE =, Bif5 HMOR ¥ K
HREMACFEAE 4000 F 1000 cm .

— o [ AR A% 0 S 56 7F Bruker Advance 111 600 1% R 3
PRI (14.1Tesla 98 i AA)iE4T. 'H, »si, YAl JLiR
P35 600.1, 119.2, 156.4 MHz. 'H MAS NMR # &
KA 3.2 mm H-X-Y = SERGELEH T E. KA sk
JF A, ¥R 20 kHz, FHHRECH 16 Ik, m/2 ki 56 A
3 ps, KAEMEIRE 10s. AENIFENIL NS 25, BIER
0=1.74. PRI BT FHEZEATSHERK: EES KM
T(<107 Pa), 400 CHi/K 12 h L L. DINHIEZEMER
SN, W FIRAE S B R ZHHTEE. Si MAS
NMR # B H WVT 4 mm H-X SGEHRIR 34T I &
KB ERITA, ¥EN 10 kHz, H#KECH
1024~4096 X, FKAEAIRE 10 s, n/4 kb e EEA 2.1 ps.
"H, 2°Si Wi R Dmfit 80 18 s -840 2%
(Gaussian-Lorentz) £k 14 %J 115 & @317 2 4 1 4 141
&M HE4E 2°Si MAS NMR i 7] B4 55 42 Si/Al E
8, ~xanF:

(ﬁ _ LHLAL AL
AlT™ 1 40.751,40.51,4-0.251,

A 1, AR Si(nA S S I TH R,

Al MAS NMR ¥ B 5256 B 80N /12 kb 58 N
0.75 ps, RUEMEFE 2 s, FEHOA 20 kHz, (LML 1
mol/L AI(NO,); /KIFW NS4, KIEHN 6 0. YAl MQ
MAS NMR S48 ] PATH Bk W DURRAR ELAE T, 3R15-% 1)
[EPEAL A #4340 2TA1 MQ MAS NMR S 7E Bruker
Avance Neo 800 #ZhZ1E%1%(18.8 Tesla FIbRUE a4
7. KA 3.2 mm H-X #k K& Z fhid 3 =hkeb
FIWBL #5805k 20 kHz, A5 Rk 58 BE 43 i A & ik
TR pl=4.5 ps. HALBKT R p2=1.5 ps.
Jik b 56 B p3=13 ps. —4E 2’ Al NMR i [& it DMfit #f%
HEAT LG A M T3 MR R FAXHIKE S &
(mmol/g) ITHE N IEMW R : VIR Si/(Alr+Alg)=
a, AR g) HMOR 73T BT & AR T 1) &
N x=1/(aMsior+My~+Mni0,)=1/(60a+60), ANFE T 7
Al FUFAERHR E SR Cr=xT%, 4 Al B iU
B ALJET, Alg 48 AI(IV)-2 PFh. T% N T AL Al J5 5 1 AH
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pap/idi-
4.3 EHFIEEITEMN

T ey 1 ] 58 R S B2 B (S N AR Y 8 mm) i
ITHEALFRIEANY . A3 E N 0.5 g, RSN 20~40
H. 7B N, K3 R (30 mL/min), F+%
300 C, fR¥F2h, FREE 200 C. B UIHA N R A
S(V(DME) © (CO) : M(Hy)=5 : 35 : 60), J¥ =ik
F1FETHE 2.0 MPa, 25384 1800 mLeg 'oh ™. N )5
KA Agilent 7890A 1T 488, KA FID fil TCD
RS DU F30T AN A DA T RN
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