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Supplementary Information
1. Materials and Chemicals

Niobium(V) ethoxide (Nb(OC;Hs)s, 99.999%), niobium(V) chloride (NbCls, 99.95%), niobium(V) oxalate hydrate (19.9
wt% Nb,Os) was supplied by Alfa Aesar. Niobium(V) oxide (Nb,Os, 99.5%), toluene (C7Hs, 99.5%), ethanol (C;HsOH,

99.7%), 1,4-dioxane (C4HsO,, 99.5%), tetrahydrofuran (C4HsO, 99.5%), n-heptane (C;His, 99.0%), cyclohexane (CgHia,
99.0%), p-xylene (CgHio, 99.5%), cetyl-trimethylammonium bromide (CTAB, 99.0%), 1,3,5-trimethylbenzene (TMB,
99.5%), pyridine (CsHsN, 99.5%), naphthalene (CigHs, 99.5%), acetone (CsHgO, 99.5%), phosphoric acid (H3PO4, 85%),



hydrochloric acid (HCI, 37%), nitric acid (HNOs, 65%), hydrofluoric acid (HF, 40%), oxalic acid dihydrate (H,C;04-2H,0,
99.5%), sodium hydroxide (NaOH, 99.0%) were supplied by Sinopharm. 2,5-Dimethylfuran (DMF, 99%), 2,5-hexanedione
(HDO, 97%), 3,6-dimethyl-2-cyclohexenone (CsH120, 95%), 2,5-dihydrofuran (C4HeO, 98%), dodecylamine (Ci2H27N, 99%),
tetraethyl orthosilicate (TEOS, 99%), dodecyl-trimethylammonium bromide (CisH3aBrN, 99%), trimethyl-
octadecylammonium bromide (C,1Ha6BrN, 99%), tetraethylammonium hydroxide (TEAOH, 25 wt% and 35 wt% solution
in H,0), niobium(V) oxalate hydrate (C1oHsNbO2¢-xH,0, 19.2 wt% Nb), 2-methoxyethanol (C3HgO,, 99%), titanium (IV)
isopropoxide (Ti[OCH(CHs)2]s, 98%), potassium niobate (KNbOs, 99.999%), tantalum(V) ethoxide (Ta(OC;Hs)s, 99.99%),
ammonium metatungstate hydrate ((NHs)eH2W12040-xH20, 99.9%), 2-methylfuran (CsHeO, 99%), furan (CsH4O, 99%)
were obtained from J&K Chemicals. Maleic anhydride (C4H,03, 99.5%), 2,3-dimethyl-1,3-butadiene (CgH10, 98%) and
cyclohexanol (Ce¢H120, 98%) were supplied by Aladdin Reagents.

1-Methyl-3-propylbenzene (CioH14, 99%), vanadium(V) tri-i-propoxy oxide (VO(OCs3H5)s, 97.0%) were acquired from
TCI Chemicals. Zirconium(V) hydroxide (Zr(OH)s, 97%), ammonium metatungstate(VI) hydrate ((NHa)sH2W12040-xH,0),
sodium silicate solution (NayO(SiO2)x'xH20, 27 wt% SiO3), cetyltrime- thylammonium chloride solution (CTAC, 25 wt% in
H,0), yttrium(lll) tris(isopropoxide) (CoH2103Y, 99.99%), Pluronic P123 (EO20P070EO20, average Mn ~5800) were supplied
by Sigma-Aldrich. Ethylene (99.99%), helium (99.999%), nitrogen (99.999%), hydrogen/argon (5 vol% H,/Ar), ammonia/
helium (10 vol% NHs/He) were purchased from Air Liquide. Fumed silica (Aerosil 380) was obtained from Evonik
Industries. Silicalite-1 was acquired from Jincheng HuaMeiRuiZe Advanced Materials Co., Ltd. Commer- cial Beta
(CP814E*, Si/Al = 12.5) and ZSM-5 (CBV 2314, Si/Al = 11.5) purchased from Zeolyst Interna- tional were calcined at
550 °C for 8 h under airflow to generate the protonated form of the zeolites.

The reference sample for UV-Vis spectrometry, YNbO4, was synthesized as the procedures described by Notestein
et al.! First, 1 g of yttrium tris(isopropoxide) and 120 mL of distilled 2-methoxyethanol were mixed in a flask and stirred
for 1 h in the glovebox before attached to a Schlenk line under N, flow. The solution was concentrated to 3.5 mL by
evaporation. Similarly, a solution of 1.2 g of niobium ethoxide and 24 mL of distilled 2-methoxyethanol was prepared
and added into the yttrium solution. The mixture was concentrated to 3.5 mL, cool down to 25 °C, added to 3.5 mL of
the solution of H,0 and 2-methoxyethanol (4:5 v/v), vigorously stirred for 60 s and finally poured into a watch glass. The
resultant gel was dried ambiently in vacuum for 48 h, then at 300 °C in airflow to form a white solid. The product was
ground with acetone and calcined at 600 °C for 12 h to yield YNbOa,.

2. Catalyst preparation
2.1 Preparation of mesostructured silica catalysts support

MCM-41 materials were synthesized via a post-synthesis hydrothermal method as described earlier.? Typically, 7.56
g of CTAB was dissolved in 52 mL distilled water in a Teflon cup under stirring. Then, 9.76 g of TEAOH (25 wt%) solution
and 5 g fumed silica was added into the mixture under vigorous stirring. The mixture was stirred for 2 h at 70 °C, sealed
in a Teflon-lined stainless steel autoclave, aged at 25 °C for 24 h under static conditions and treated hydrothermally for
72 h under autogenous pressure in an oven at 150 °C. The precipitated product was collected by filtration, dried at
25 °C under vacuum, ground into fine powder (grain size < 200 mesh) and transferred into a Teflon-lined stainless steel

autoclave. Calculated amount of water (10 times the mass of dried product powder) was mixed with the powder. The



mixture was hydrothermally treated for 24 h at 150 °C. The resultant solids were collected by filtration, washed with
distilled water, vacuum dried for 12 h and calcined for 9 h at 550 °C with a heating rate of 1 °C/min under airflow. For
the synthesis of MCM-41 materials with different average pore sizes, dodecyltrimethylammonium bromide or
trimethyloctadecylammonium bromide was adopted as templating agent.

In a typical synthesis of HMS materials,® 3.08 g of dodecylamine was mixed with 83 mL ethanol + 120 mL distilled
water in a Teflon cup and was stirred vigorously for 30 min, followed by the adjustment of pH to 9. Then, 17.36 g of
TEOS was dropped into the solution in 40 min. The mixture was stirred for 24 h at 25 °C to form a white gel. The
resultant solids were collected by filtration, washed with distilled water, dried at 100 °C for 12 h followed by calcination
for 6 h at 600 °C under airflow. MCF materials were prepared similar to reported procedures:* First, dissolve 4.8 g of
Pluronic P123 in 180 mL HCI (2 mol/L) at 40 °C under vigorous stirring for 4 h. Then, 2.4 g of TMB was added and the
mixture was stirred for 4 h. Thereafter, 10.2 g of TEOS was added dropwise and was stirred for 24 h at 40 °C to form a
homogeneous gel. The synthesis gel was transferred into a Teflon-lined stainless steel autoclave and treated
hydrothermally for 72 h at 95 °C. The resulting solid was obtained by filtration, washed with water, dried for 12 h at
100 °C and calcined for 6 h at 550 °C under airflow. SBA-15 materials were prepared as described procedures using
Pluronic P123 (EO,0P0O70EO30) as templating agent.> The mass ratio of the initial solution was EO20PO7¢ EO20:2 mol/L
HCI:TEOS:H,0 = 2:60:4.25:15. After stirred for 6 h at 40 °C, the formed synthetic gel transferred to a Teflon-lined
stainless steel autoclave and treated hydrothermally for 72 h at 95 °C. The solid product was recovered by filtration,
washed with distilled water, dried for 12 h at 100 °C and calcined for 6 h at 550 °C under airflow. For the synthesis of
KIT-6,° 2 g P123 was dissolved in a mixture of 72 g of distilled water and 3.9 g of concentrated HCI (35%). Then, 2 g of 1-
butanol was added under stirring at 35 °C. After 1 h stirring, 4.3 g of TEOS was added dropwise at 35 °C, and the
mixture was kept stirred for 24 h at 35 °C. The final solution transferred to a Teflon-lined stainless steel autoclave and
treated hydrothermally for 72 h at 95 °C. The solid product was filtered and dried at 100 °C without washing. The
template was removed by extraction in an ethanol-HCI mixture followed by calcination for 6 h at 550 °C.

2.2 Preparation of Nb-grafted MCM-41 catalysts with controlled Nb location

The Nb/MCM materials with precise control of Nb location at the internal or external surface of the MCM-41
supports were labeled Nb;,/MCM and Nboy,:/MCM. For the synthesis of Nb;;/MCM materials, an external surface
passivated method was adopted (Scheme S1). The as-synthesized MCM-41 materials were firstly pretreated with
trimethoxymethylsilane. Then, the templating agent was removed by solvent extraction with NaNO; dissolved in
ethanol. Thereafter, Nb species were grafted onto the surface of the passivated MCM-41 support by the VA-DI method.
Finally, the grafted silanes on the external surface were removed by calcination in airflow. For the synthesis of
Nbou:/MCM materials, the as-synthesized MCM-41 materials were directly grafted with Nb species without any
treatment, and the templating agent was removed by the final step of calcination of Nb grafting procedures.

2.3 Preparation of MCM-41 supported metal oxides catalysts

The MCM-41 supported metal oxides catalysts were prepared using a similar method as the Nb-based silica

catalysts in organic or aqueous media. The precursor compounds were titanium isopropoxide, vanadium tri-i-propoxy

oxide, tantalum ethoxide or ammonium metatungstate hydrate. The titanium, vanadium, tantalum and tungstate oxide



supported MCM-41 materials were denoted Ti/MCM-41, V/MCM-41, Ta/MCM-41 and W/MCM-41, respectively.
2.4 Preparation of Nb-incorporated MCM-41 catalysts

Niobium was structurally incorporated into the MCM-41-type mesoporous silica matrix (Nb-MCM) according to
reported protocols by Ziolek et al.:” calculated amount of niobium oxalate hydrate was dissolved in 3.17 g of 0.1 mol/L
oxalate acid solution (solution A). 8.08 g of sodium silicate solution was added dropwise into 50 g of distilled water
under stirring and was kept stirring for 10 min (solution B). 83.75 g of CATC solution was dropped into solution B to
form a homogeneous gel. Solution A was slowly added into the formed gel dropwise and was stirred for 2 h. The final
pH of the synthesis gel was 11.0. The gel was transferred to a Teflon-lined stainless steel autoclave and hydrothermally
treated at 100 °C for 72 h. The autoclave was cooled and unsealed every 24 h for the adjustment of pH to 11.0 by 0.1
mol/L oxalate acid solution. The solid product was filtered, washed with distilled water, dried in air for 18 h at 100 °C
and calcined for 6 h at 550 °C with a heating rate of 2 °C/min in airflow to remove the templating agent.

2.5 Preparation of Nb-based MCM-41 catalysts with niobium(V) oxalate precursor

The Nb-based MCM-41 catalysts with niobium(V) oxalate precursor (Nb/MCM-ox) supported metal oxides catalysts
were prepared using a similar method in aqueous media as described in ESI 2.2.

2.6 Preparation of Nb,Os:nH,0

Hydrated amorphous niobium pentoxide (Nb,Os-nH;0, niobic acid) was prepared as following procedures: 2 g NbCls
was mixed with 100 g of distilled water, and the mixture was stirred at 25 °C for 4 h. The resulting white precipitate was
repeatedly washed with distilled water (ca. 1 L) until pH of the filtrate reached 7. Niobic acid powder was obtained by
drying the precipitate overnight at 90 °C.

2.7 Preparation of Sn-Beta zeolite catalysts

The Sn-incorporated zeolites with the Beta topology were synthesized according to the reported procedures
outlined by Corma et al.® First, 8.78 g of TEAOH (35 wt%) solution was added into 8.13 g of TEQS, followed by the
addition of 0.141 g of tin chloride pentahydrate. The mixture was stirred for 16 h to ensure complete hydrolyzation of
TEOS and then was partially evaporated under an IR lamp to reach the targeted H,0/SiO, ratio. 1.04 g of HF was added
afterwards to form a thick gel. The molar composition of the synthesis gel was 1 Si0,/0.01 Sn/0.55 TEAOH/ 0.54 HF/7.5
H,0. Finally, Si-Beta zeolites (5 wt% of SiO, in gel) were added to the mixture as seed materials. The synthesis gel was
transferred to a Teflon-lined stainless steel autoclave and treated hydrothermally for 7 days at 140 °C under rotation (10
r/min). The solid product was collected by filtration, washed with distilled water, dried in air and calcined for 6 h at
550 °C with a heating rate of 2 °C/min.

The seed materials were prepared by acid-assisted dealumination of H-Beta zeolites. The parent Beta zeolite
materials were treated with HNOs at 100 °C for 6 h under reflux conditions, then were collected by filtration, washed
with distilled water and dried in air. The treatment was repeated twice to obtain Si-Beta seed materials.

2.8 Preparation of WO,—ZrO; catalyst

The WO4—ZrO; catalyst was synthesized via an impregnation method. Commercial Zr(OH); was mixed with an

aqueous solution of ammonium metatungstate hydrate to form a slurry, and the W loading was calculated to be 15 wt%.

The result- ant was stirred by mechanical agitation for 12 h, evaporated and dried at 80 °C in air. The white solid was



calcined for 6 h at 550 °C in airflow to form WO—ZrO,.
3. Catalytic performance evaluation

Commercial DMF was distilled before use to remove yellow-colored impurities and a colorless purified reagent was
obtained. 1,4-Dioxane was distilled to remove residual water. Prior to the reaction, the powdered catalyst was degassed
for 1 h at 300 °C under dynamic vacuum (< 0.01 Pa) to remove physisorbed water. Calculated amount of catalyst, 35
mmol of DMF and 5 mL of anhydrous 1,4-dioxane, 2 mmol of naphthalene were placed into the reactor vessel, resulting
a starting concentration of 4 mol/L. After the reactor was sealed, the reactor was purged three times to replace the
residual air with N,, followed by the introduction and saturation of 4 MPa ethylene. Disconnecting from ethylene gas
supply, the reactor was heated to the desired temperature and started magnetic stirring with a IKA C-MAG HS 7 hot
plate. For products analysis, the catalyst was separated by centrifugation and the liquid product was analyzed by gas
chromatography using an Agilent 7820 GC equipped with an HP-INNO Wax capillary column (30 m x 0.25 um x 0.32 mm)
and flame ionization detector. The recycle experiments were performed with used catalysts which were collected by
centrifugation, thoroughly washed with acetone under sonication for three times and finally dried at 100 °C in air
before use in the next cycle.
4. Assessment of mass transfer limitations

A Weisz-Prater analysis was performed to investigate the internal mass transport resistance.”1°

C _ robspch%
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where rops (mol-kgt-s) is the initial reaction rate, p. (kg:-m™3) is the bulk density of the catalyst powder, R, (m) is the
catalyst particle radius, Degr (m?-s?) is the effective diffusivity, Cs (mol-m=3) is the surface reactant concentration.

When Cwp is calculated to be <1, the internal mass transfer is negligible.

For MCM-41-based catalysts,

robs = 0.02069 (mol-kg™t-s?)

pc = 3x10? (kg:m3)

R, = 6.25x10°° (m) (120 mesh particles)

Cs = 3.13x103 (mol-m3) (Calculated from adsorption experiments, see Table S6)

For the calculation of Deg,

The bulk diffusivity Dag can be estimated by the Fuller correlation:*°
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where T (K) is the temperature, M, Mg (g/mol) are molecular weights of A and B, p (atm) is pressure, v;; are the

Dy =

volumes of parts of the molecule .

The tortuosity T was calculated from the Bruggeman relation:*°
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where pp, pp are the bulk density of the porous catalyst and the intrinsic density of the catalyst material.
To estimate the diffusivity Dag for 2,5-DMF (A, C¢HsO) in 1,4-dioxane (B, C4HgO2) under reaction conditions, the
kinetic parameters are listed below:
Moo= 96.13 g/mol, Mioxane = 88.11 g/mol, vc = 15.9, vy = 2.31, vo = 6.11, p = 1 atm (for liquid phase), T = 523 K.

Afterwards, the value of Dag was to be determined as follows:
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Therefore, the effective diffusivity in MCM-41 materials were:
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Desr = 0.4215x1.10x1075 = 2.99x1075(m?/s)
Finally, the value of Cwprwas determined to be:

B robSpCRf, _ 0.02069x3x10%x(6.25x1075)?2

Cwp = - =2.59x107° « 1
vr DesrCs 2.99x1076x3.13x103 X K

The absence of internal mass transfer limitations with the MCM-41-based catalytic system was verified.

The elimination of external mass transfer limitations was confirmed by investigating the influence of the magnetic
stirring speed on the initial reaction rate in 0.5 h.!! In the stirring speed range of 500-1200 r/min under reaction
conditions, the initial reaction rate kept unchanged, which proved the absence of external mass transfer limitations
within the catalytic system.

5. Kinetic simulation of liquid-phase adsorption

The adsorption of DMF on siliceous supports was simulated with the pseudo-second-order kinetic model, assuming
the reversible equilibrium between the solid and the adsorbate in liquid phase.'® The values of rate constant k; and
equilibrated adsorption amount Q. were calculated from as follows:*3

Q2kt
1+Q .kt

Q¢ (mmol/g) =

where k (g:minl:-mmol?), Q. (mmol/g), Q: (mmol/g) and t (min) are the sorption rate constant for pseudo-second-
order kinetic model, the equilibrated adsorption amount, the amount of adsorbate per unit mass of the adsorbent, and
contact time, respectively.

The concentration of adsorbate in the channels/pores of adsorbate Ci, and the concentration in the liquid phase

Cout and the ratio Cin/Cout Were calculated as follows:

Qe/ Vtotal

Cin/Cout = Cy
iq.

where Qe (mmol/g), Viotal (MmL/g) and Ciiq.(mmol/mL) are the equilibrated adsorption amount, the total pore volume

obtained from N3 sorption experiments, the concentration of the adsorbate in the liquid phase at equilibrium.



6. Model reactions
6.1 Cycloaddition of maleic anhydride with 2,3-dimethyl-1,3-butadiene
0 0
ﬁo + :i R Q
o] 0
MA DMBD Cycloadduct

Maleic anhydride (MA, 2 mmol, 0.196 g), 2,3-dimethyl-1,3-butadiene (DMBD, 3 mmol, 0.246 g), solvent (10 mL)
and catalyst (100 mg) were added into a 50 mL sealed flask. The mixture was stirred under N, atmosphere at 60 °C for 1
h. The catalyst was separated by centrifugation and the purified product was further identified by *H and 3C NMR (Fig.
$22)

6.2 Dehydration of cyclohexanol

) )

CH CHX

Cyclohexanol (CH, 4 mmol, 0.401 g), solvent (10 mL) and catalyst (100 mg) were added into a 50 mL sealed tube
under N; flow. Subsequently, the mixture was stirred at 80 °C for 2 h. After separation of catalyst, the product was

purified and identified by 'H and 3C NMR (Fig. $23).

7. Supplementary data
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Scheme S1. Preparation of 2Nb;,/MCM and 2Nb,,;/MCM catalysts.
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Fig. S1. HRTEM images of 2 wt% Nb-based SBA-15 (a, b), HMS (c, d), KIT-6 (e, f), MCF (g, h), S-1 (i, j), SiO2 (k, 1) catalysts and EDX mapping
images (m-q) for 2 wt% Nb/MCM catalyst.
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Fig. S2. Small-angle (a), wide-angle (b) XRD patterns and H,—TPR profiles (c) of 2 wt% Nb-based silica catalysts.

Table S1. Physicochemical properties of the Nb-based silica materials.

Entry Sample Nb loading @ (wt%) Stotal® (M?/g) dp € (nm) Viea®
(cm®/g)
1 2Nb/MCM 1.86 824 3.5 0.89
2 2Nb/SBA-15 1.93 552 8.4 1.18
3 2Nb/HMS 1.87 993 2.9 0.82
4 2Nb/KIT-6 1.91 515 5.7 0.68
5 2Nb/MCF 1.88 616 141 1.74
6 2Nb/sS-1 1.78 368 0.57 0.17
7 2Nb/SiO, 1.95 341 15.8 0.50
8 2Nb/silica gel 1.97 328 22.3 0.42

2 Determined by ICP-AES. ° Siota1, Viotal Were the total surface area and pore volume which were obtained by BET method. ¢ dp was the
average pore diameter calculated from the desorption isotherm from BJH method.

— KNbO, (Nb polymerized) monomeric
— YNbO, (Nb 4-coordinate) tetrahedral
5 NbO,
octahedral or
= polymeric Q::_5--_22?\
E NbO 362 a
3 6,78 21[“
=
£ 1)
2
=
-
(2)
600 500 400 300 200

Wavenumber (cm™)

Fig. S3. UV-Vis spectra of reference samples. (1) KNbOs, (2) YNbO,.
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Fig. S4. NH3-TPD-MS profiles of the Nb-based catalyst samples. (1) Nb,Os:nH,0, (2) MCM-41, (3) 2Nb/MCM, (4) 2Nb/SBA-15, (5) 2Nb/HMS,
(6) 2Nb/KIT-6, (7) 2Nb/MCF, (8) 2Nb/S-1, (9) 2Nb/SiO,

Table S2. Acidic properties of the Nb-based silica materials.

Py acid density ® (mmol/g)

Entry Sample Total acidity ? (mmol/g)

L acid B acid
1 2Nb/MCM 0.118 0.074 N.A.
2 2Nb/SBA-15 0.121 0.080 N.A.
3 2Nb/HMS 0.115 0.081 N.A.
4 2Nb/KIT-6 0.119 0.077 N.A.
5 2Nb/MCF 0.125 0.072 N.A.
6 2Nb/S-1 0.122 0.068 N.A.
7 2Nb/SiO; 0.109 0.078 N.A.
8 Nb,0s-nH,0 1.642 0.603 0.766
9 MCM-41 N.A. N.A. N.A.

@ Quantified based on calibrated integrated areas of the desorption peak in NH3-TPD-MS experiments.

b Determined by FT-IR spectra of adsorbed pyridine at 150 °C.
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Table S3. Catalytic conversion of DMF and ethylene into PX over Nb-free silicas.

DMF Conwv. Selectivity (%) CB
Entry Catalyst
(%) PX DMCHO MPB HDO (%)
1 SBA-15 <1 - - - - >99
2 HMS <1 - - - - >99
3 KIT-6 <1 - - - - >99
4 MCF <1 - - - - >99
5 S-1 <1 - - - - >99
6 Sio, <1 - - - - >99
7 silica gel <1 - - - - >99
Reaction conditions: DMF (35 mmol), C2H4 (4 MPa), 1,4-dioxane (5 mL), catalyst (0.12 g), 250 °C, 2 h.
(a) (b)
(1o H-BEA o101 H-ZSM-5
=]
¢02) 200 &3
E1 | 1
& &
z £
o w
2 g
= |
J‘ | ‘ 2 Feolite ZSM-5 PDFS44-0003
Zeolite BEA PDFF48-0038 I wlld hm o RlE il
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Fig. S5. XRD patterns of H-Beta (a) and H-ZSM-5 (b) catalyst samples.

Fig. S6. HRTEM images of H-BEA (a) and H-ZSM-5 (b) catalyst samples.
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Fig. S7. NH3-TPD-MS profiles of H-BEA (a) and H-ZSM-5 (b) catalyst samples.
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Fig. $8. Pyridine adsorbed FTIR spectra of H-BEA (a) and H-ZSM-5 (b) samples.

Table S4. Physicochemical properties of H-BEA and H-ZSM-5 catalyst samples.

Surface area (m%/g) Viotal © Total acidity f Py acidity & (umol/g)
Entry Sample SAR? s
Stotal b Smicro ¢ 5ext. d (cm /g) (mmOI/g) L B
1 H-BEA 14.1 582 339 243 0.85 1.106 383 296
2 H-ZSM-5 12.7 413 297 116 0.24 1.335 219 562

2 SAR represents Si/Al ratio determined by ICP-AES. ® Si,ta1 Was the total surface area obtained by Brunauer-Emmett-Teller method. € Smicro
was the surface area of micropores calculated from t-plot. ¢ Sext. = Stotal - Smicro- © Vtotal was the total pore volume obtained by BET method. f

Total acidity was quantified based on calibrated integrated areas of the desorption peak in NH;—TPD-MS experiments. g Determined by FT-
IR spectra of adsorbed pyridine at 150 °C.

Table S5. Catalytic conversion of DMF and ethylene into PX over MCM-41 supported catalysts.

DMF Conv. Selectivity (%)
Entry Catalyst CB (%) PX Yield (%)
(%) PX DMCHO MPB HDO
1 2Ti/MCM-41 29 90 5 3 2 98 24
2 2V/MCM-41 32 91 3 2 4 87 17
3 2Ta/MCM-41 41 91 4 3 2 96 34
4 2W/MCM-41 40 88 4 3 5 89 26
5 2Al/MCM-41 35 89 5 3 3 90 22

Reaction conditions: DMF (35 mmol), C;H4 (4 MPa), 1,4-dioxane (5 mL), catalyst (0.12 g), 250 °C, 2 h.
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Fig. S9. HRTEM images (a, b), N> sorption isotherms and pore size distribution (c, d), UV-Vis spectra (e) and Raman spectra (f) of 2Nb/MCM

materials prepared with various surfactants.

Fig. $10. HRTEM images of 2Nb;,/MCM (a) and 2Nb,,:/MCM (b) samples.
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Fig. S11. Adsorption kinetics of DMF onto MCM-41 support (1) and 2Nb/MCM (2) in 1,4-dioxane at 30 °C.

Table S6. Kinetic parameters for adsorption on siliceous catalyst supports at 30 °C.

k2 (g:mint Q.* Viotal ®
Entry Adsorbent R22 G (M) Cin/Cout
-mmol?) (mmol/g) (cm3/g)
1 MCM-41 2.27 2.94 0.995 0.94 3.13 16.0
2 SBA-15 1.73 2.68 0.999 1.21 2.21 11.4
3 HMS 1.70 2.61 0.999 0.92 2.84 14.5
4 KIT-6 1.53 2.28 0.993 0.73 3.12 15.8
5 MCF - 1.98 - 1.81 1.10 -
6 S-1 - 1.27 - 0.21 6.04 -
7 SiO; - 0.40 - 0.52 0.77 -
8 2Nb/MCM 2.19 2.86 0.999 0.89 3.21 16.5

2 k (g-mint:-mmol?), Q. (mmol/g) were sorption rate constant and equilibrated adsorption amount calculated from pseudo-second-order
kinetic model. R? was the coefficient of determination for curve fitting. The Q. values of MCF, S-1, SiO, were the quantity adsorbed at
equilibrium (contact time = 12 min). ® Viotal Was the total pore volume obtained by BET method. ¢ C; was the normalized specific quantity
adsorbed based on Viota. For the pseudo-second-order-type adsorption, Cs = Gi,.
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Fig. S12. Initial reaction rate for PX synthesis and DMF adsorption at equilibrium under 30 °C with various concentration of water. Reaction

conditions: DMF (35 mmol), C;H4 (4 MPa), 1,4-dioxane (5 mL), catalyst (0.12 g), 250 °C.
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Fig. $13. Arrhenius plot in the range of 220-260 °C for 2Nb/HMS (1) and 2Nb/MCF (2) catalysts. Reaction conditions: DMF (35 mmol), C;Hq4
(4 MPa), 1,4-dioxane (5 mL), catalyst (0.12 g).
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Fig. S15. NH3-TPD-MS profiles (a) and pyridine adsorbed FTIR spectra (b) of Nb/MCM based catalyst samples. (1) 2Nb/MCM, (2) 4Nb/MCM,
(3) 8Nb/MCM, (4) 16Nb/MCM.
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Table S7. Acidic properties of Nb -based MCM-type catalysts.

Total acidity ° Py acidity ¢ (mmol/g)
Entry Sample SNR @ B/L
(mmol/g) L B
1 8Nb/MCM-ox 8.13 0.448 0.353 0.042 0.12
2 8Nb-MCM 7.51 0.349 0.247 0.085 0.34

2 SNR represents Si/Nb ratio determined by ICP-AES. ® Total acidity was quantified based on calibrated integrated areas of the desorption
peak in NH3-TPD-MS experiments. ¢ Determined by FT-IR spectra of adsorbed pyridine at 150 °C.

Table S8. Catalytic conversion of DMF and ethylene into PX over Nb -based MCM-type catalysts.

DMF Conv. Selectivity (%) PX Yield
Entry Catalyst CB (%)
(%) PX DMCHO MPB HDO (%)
1 8Nb/MCM-ox 53 93 1 2 4 92 42
2 8Nb-MCM 57 87 2 5 6 82 34

Reaction conditions: DMF (35 mmol), C;H4 (4 MPa), 1,4-dioxane (5 mL), catalyst (0.033 g), 250 °C, 2 h.

Fig. $16. HRTEM images of Nb-based MCM-41 materials. (a) 8Nb-MCM prepared by a hydrothermal method, (b) 8Nb/MCM-ox synthesized

from niobium oxalate precursor.
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Fig. S17. Influence of ethylene pressure on the catalytic performance of 8Nb/MCM catalysts for PX synthesis. Reaction conditions: DMF (35
mmol), C;H4 (1-5 MPa), 1,4-dioxane (5 mL), catalyst (0.033 g), 250 °C, 6 h.
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Fig. $19. HRTEM images (a, b), N, sorption isotherms and pore size distribution (c, d), NHs-TPD-MS profiles (e, f) of 8Nb/MCM catalyst

before and after use.

SNb/MCM
{fres] s

. 8ND/MCM
“(dfter 6 runs)

100 nm

(c)

(d)

| 2 SNb/MCM

M«z"j:;j

Sper = 805 m?

Quantity absorbed (mmol/g)

|2 SNH/MCM
(after 6 runs)

_maoo-ﬂ'mmm:

o Sypr =722 m?

Quantity absorbed (mmol/g)

02 04 06 08 I

02 04 06 08 I

0.0 0 0.0
Relative pressure (p/p,) Relative pressure (p/p,)
(e)
SNb/MCM SNb/MCM
- (fresh) | ~ (after 6 runs)
- | |
£ £
o =
L L
B E /\
£ Z
] z
= 2
= =
= Total acid sites ! Total acid sites
capacity = 0.425 mmol/g capacity = 0.406 mmol/g

100 200 300 400 500 600 700 100 200 300 400 500 600 700

Temperature (°C)

Temperature (°C)

18



-_— 4 ““\ g"
Al WA z
£ N 0.0 2
= ‘\\ =
= 85 3
: ™ =
— TG profiles N\ =
= DSC curves 5,
. --0.2
80 .
.
Exotherm \“‘\\(1}
Up M‘k
75 T T T T T T -0.4
100 200 300 400 500 600 700
Temperature (°C)
Fig. S20. TG-DSC profiles of the spent 8Nb/MCM catalysts after six successive runs.
(a) ! (b) T
Nb 3dy, i Nb3ds, 103.1 | Si*
210.6 207.9
- (1) fresh/ o
2 TN i (1) fresh
z &
g g
E E
(2) used /
§ ' (2) used

T v T T f - i T T -
216 214 212 210 208 206 204 202 108 106 104 102 100 98 926

Binding energy (eV) Binding energy (eV)

(c) . (d) [monomeric
i . tetrahedral
i SiO
533.0 2 Hlb()_, X
210 octa udrtal or
polymeric
= i —NbOy 54
'_.'.E“ (1) fresh 8 260 |
= w 4 i
z H Y b
= = G
£ = 308 362 (1) fresh
2 g
= =
- =
(2} used
(2) used
S i B Absorption edge ) ) ) .
540 538 536 534 532 530 528 526 200 360 -ﬂll'l] 500 600
Binding energy (eV) Wavenumber (cm™)

Fig. S21. Comparison of the fresh and used 8Nb/MCM catalyst after six successive runs. XPS spectra the regions for Nb 3ds;, and Nb 3d3/,
(a), Si 2p (b) and O 1s (c) and UV-Vis spectra (d).

19



Table S9. The PX-mediated process for DMF and ethylene conversion over 8Nb/MCM catalyst.

Selectivity (%) PX Yield
Entry Come? (mol/L) DMF Conv. (%) CB (%)
PX DMCHO MPB HDO (%)
1°b 4 >99 95 1 3 1 94 89
2¢ 6 >99 87 3 6 4 91 79

Reaction conditions: C;H4 (4 MPa), PX (5 mL), catalyst (0.033 g), 250 °C.

2 Cpmr Was the initial concentration of DMF in the catalytic system. ® 10 h. €12 h.
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