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Summary

ESI contains 17 Figures:
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Figure S1. Scheme of the bench scale plant used for the thermal treatment.

Figure S2. Scheme of lab-scale plant for the selective oxidation of n-butane to MA.

Figure S3. XRD pattern of precursors M16-M17.

Figure S4. XRD analysis (left) and Raman spectra (right) for samples obtained calcinating
M17 precursor with varying atmospheres.

Figure S5. Chromatograms of CO, and water evolution, oxygen consumption, and
temperature over time on stream registered during calcination of sample 06-L0.

Figure S6. n-butane conversion as a function of the reaction temperature in a reactor filled
with steatite.

Figure S7. XRD pattern of samples O21-L0, O13-L0, O6-L0, and O0-LO after reaction.
Figure S8. XRD pattern of samples O21-L0, O19-L10, O13-L40, and O6-L70 after
calcination, detail for crystallinity.

Figure S9. Raman spectra of samples O21-L0, O19-L10, O13-L40 after the reaction.

Figure S10. Selectivities and conversion of catalyst O6-L70 over the time on stream at
T=400,420 and 440 °C.

Figure S11. XRD pattern after calcination of samples O6-L0, O6-L10, and O6-L70, detail for
crystallinity.

Figure S12. XRD pattern and Raman characterization of sample O6-L10 after reaction.
Figure S13. SEM characterization of samples O6-L0, O19-L10, O6-L10, O6-L70, O21-L0
and sample O6-L10y.

Figure S14. CO, evolution and oxygen consumption during calcination of samples O19-
L10m16, O13-L40p16, O6-LOy16, O6-L10y16, O6-L700;56.



o Figure S15. XRD pattern after calcination of samples O19-L10y;6, O13-L40y16, O6-LOy;6,
06-L10y16, and O6-L70y16.

o Figure S16. Raman spectra after calcination of samples O19-L10y;4, O13-L40y16, O6-LOy;6,
06-L10y16, O6-L70p16.

o Figure S17. XRD analysis (left) and Raman spectra (right) of sample O6-L70y¢ after
reaction.

4 Tables:

Table S1. Raman bands of different Vanadium/Phosphorous phases.

o Table S2. Characterization of all the samples cited in this work after calcination (vanadium
oxidation state, SSA, and phase composition).

o Table S3. P/V atomic ratio obtained by EDX analysis of samples O6-L10y;;6, O19-L10yq;7,
O6-L70p17, O6-LOy7, O21-L0y7, and O19-L0yy,7 after calcination.

o Table S4. Comparison of the catalytic performance of O6-L10y;;4 O19-L10y;7 with those
reported in the literature.

1 Procedure:

o P1. Procedure for chemical analysis of the samples.



P1. Procedure for chemical analysis of the samples
The chemical analysis of samples was performed as follows. The equilibrated sample was dissolved
in concentrated fuming sulfuric acid. Then its V content was determined by titration of VY with a
Mohr salt solution (Fell), and VIV was determined by titration with a KMnO, 0.1 N solution. The
Vanadium oxidation state was obtained from the total vanadium content (renamed Vtot) and, later,
the amount of V3*:

% V5+
% Viot

Vox=4+

Phosphorus was determined gravimetrically as quinoline molybdophosphate.
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Figure S1. Bench scale plant used for the thermal treatment.
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Figure S2. Lab-scale plant for the selective oxidation of n-butane to MA.



Table S1. Raman bands of different Vanadium/Phosphorous phases.

cm’!
V/P/O
1200-1100 1100-1000 1000-900 900-400
(VO),P,0; 1185, 1135 930, 920
(VO)HPO,*0.5H,0 1155, 1100 985 342
VOPO,*2H,0 1039 988, 952 542
a-VOPO, 1032 928 579, 541
a;-VOPO, 1091 993, 979, 945 433,399
&VOPO, 1200 1090, 1075, 1020 936 590
PVOPO, 1075 997, 986 892, 435
o-VOPQO, 1188 1084, 1016 932 650, 589
M17 (202)
D
<
>
)
c
Q
c
M16
)
<
>
)
[
9
k=
1 1 1 |

25 30 35 40 45 50

2Theta (°)

Figure S3. XRD pattern of precursors: top M17, bottom M16. Symbol: © = crystalline VHP.
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Figure S4. XRD analysis (left) and Raman spectra (right) for samples obtained calcinating M 17 precursor with

air/nitrogen (a), only nitrogen (b), and only air (c) as a carrier gas for the calcination. Symbols: ® = ®-VOPO,; ® =

VPP. For each sample, various Raman spectra were collected from different surface spots of possible interest (different

shapes, colors, etc.).



Table S2. Characterization of samples O21-L0, work after calcination. Vanadium's overall oxidation state? is determined
by titration; specific surface area® is determined with nitrogen physisorption with an associated error of 3%; and phase
composition® with Raman spectroscopy.

Cat. Vox? SSA (m?%/g)® Phase composition®
Mainly VOPO, (o  ® and di-hydrate)
021-L0 4.52 9
phases, traces of VPP
Varied distribution of VOPO, (0, ®)
O13-L0 4.47 12
but richer in VPP
Mainly VPP with 6-VOPO, and traces
06-L0 4.21 14
of dihydrate phase.
Rich in carbonaceous compounds,
) ) traces of VPP and VOPO, (o and o)
Mainly VOPO, (o and ®) phases,
453 12 Y 1(rando)p
traces of VPP, and di-hydrate phase
Mainly © -VOPO, with the consistent
013-L40 4.41 11 presence of VPP; traces of di-hydrate
phase
Mainly VPP with the presence of o -
06-L.70 4.21 7
VOPO,
Mainly VPP with traces of dihydrate
06-L10 4.19 11
phase.
Mainly VPP with traces of & -VOPO,
06-LO0y;6 4.27 16
phase.
Mainly ®—VOPQ,, traces of VPP, and
4.60 9
di-hydrate phase
Mainly di-hydrate phase, traces of VPP
O13-L40y16 441 11
and o;-VOPO,
Mainly VPP with traces of dihydrate
06-L70y16 4.27 17
phase.
Mainly VPP with traces of ©-VOPO,
06-L10y6 431 19

phase.
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Figure S5. Chromatograms of CO, and water evolution (blue and light blue), oxygen consumption (green), and
temperature (black) over time on stream registered during calcination of sample 06-L0.
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Figure S6. n-butane conversion as a function of the reaction temperature in a reactor filled with steatite (light blue
bars). Feed composition: 1.7: 17 % mol of n-butane: air, remain inert; W/F: 1.33 g - s - mL-'.
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Figure S7. XRD pattern of samples after reaction O21-L0 (green- 21:79:0 O,:N,:H,0); O13-L0 (violet- 13:87:0
0,:N»:H,0; 06-L0 (red- 6:94:0 O,:N»:H,0); O0-LO (yellow- 0:100:0). Symbols: ® = ©-VOPO,; ® = VPP; o = o-
VOPO,.
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Figure S8. XRD pattern of samples after calcination in different atmospheres: O21-L0 (green-N,:0,:H,0 79:21:0),
019-L10 (light orange- N,:0,:H,0 71:19:10 ), O13-L40 (purple - N,:0,:H,0 47:13:40 ), and O6-L70 (light blue-
N:0,:H,0 24:6:70), detail for crystallinity.
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Figure S9. Raman spectra of samples O21-L0 (green-N,:0,:H,0 79:21:0), O19-L10 (light orange- N,:0,:H,0
71:19:10), O13-L40 (purple - N»:0,:H,0 47:13:40 ), and O6-L70 (light blue- N,:0,:H,0 24:6:70) after the reaction.
Symbols: &= 8-VOPOy; oy = a,-VOPO,; @ = VPP. For each sample, various spectra were collected from different
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Figure S10. Selectivities (%; red — maleic anhydride, pink — COx, green — Others, violet — Acids) and conversion (%;
blue — nButane) of catalyst O6-L70 over the time on stream (h) at T=400,420 and 440 °C. Feed composition: 1.7% mol

n-butane, 17%mol oxygen, remain inert, W/F = 1.33 g-ssmL"".
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Figure S11. XRD pattern of samples after calcination of samples O6-L0 (red- N,:0,:H,0 94:6:0), O6-L10 (violet-
N:0,:H,0 84:6:10), and O6-L70 (light blue- N»:0,:H,0 24:6:70), detail for crystallinity.
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Figure S12. XRD pattern (left) and Raman spectra (right) of sample O6-L10 (violet - N,:0,:H,0 84:6:10) after
reaction. Symbols: a; = a-VOPOy; @ = VPP. Various Raman spectra were collected from different surface spots of
possible interest (different shapes, colors, etc.).
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Figure S13. SEM characterization of samples O6-L0, O19-L10, O6-L10, O6-L70, O21-L0 and sample O6-L10y.
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Table S3. Average P/V atomic ratio of samples 0O6-L0, O19-L10, O6-L10, O6-L70, O21-L0, and sample O6-L10y6
obtained with EDX multipoint measurements. 2 P/V ratio of VHP precursors evaluated by XRF.

precursors? Calcined
Catalyst P/V atomic samples P/V
ratio atomic ratio
021-LO0yy7 1.15 1.19
06-L0y17 1135 1.15
019-L10y;5 1135 121
06-L10y;7 L15 1.18
06-L10y6 1.20 1.31
06-L70p17 1.15 1.20
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Figure S14. CO, evolution (orange) and oxygen consumption (yellow) during calcination of samples O19-L10y¢ (light
orange- N,:0,:H,0 71:19:10), O13-L40y;6 (purple- N,:0,:H,0 47:13:40), O6-L0y6 (red- N»:0,:H,0 94:6:0), O6-
L10yp6 (violet- N»:O,:H,0 84:6:10), O6-L70y;6 (light blue- N»:0,:H,0 24:6:70).
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Figure S15. XRD pattern of samples O19-L10y; (light orange- N»:0,:H,0 71:19:10), O13-L40y;4 (purple- N»:0,:H,0
47:13:40), O6-L0y14 (red- N»:0,:Hy0 94:6:0), O6-L10y14 (violet- N»:O,:H,0 84:6:10), O6-L70y6 (light blue-
N;:0,:H,0 24:6:70) after calcination. Symbols: o= ©-VOPO,; @ = VPP.
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Figure S16. Raman spectra of samples O19-L10y;6 (light orange- N,:0,:H,O 71:19:10), O13-L40y6 (purple-
Nz:Oz:HzO 47. 1340), O6-LOM16 (red- N2102:H20 9460), O6-L10M16 (ViOlCt- N2:02:H20 84610), O6-L70M16 (hght
blue- N,:0,:H,0 24:6:70) after calcination. Symbols: ®= ©-VOPO,; 6= 0-VOPO4¢:, o = e, a-VOPO,, @ = VPP, # =
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VOPO42H,0. For each sample, various spectra were collected from different surface spots of possible interest

(different shapes, colors, etc.).
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Figure S17. XRD analysis (left) and Raman spectra (right) of sample O6-L70y;6 after reaction. Symbols: o= -
VOPO,; 6= 6-VOPO,, e= VPP. Various Raman spectra were collected from different surface spots of possible interest

(different shapes, colors, etc.).
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Figure S18. DRIFT pyridine spectra of calcined samples. From the top to the bottom: O19-L10y7 (blue), O6-LOy7
(black), O6-L10y7 (green), O6-L70y,7 (orange), O6-L10y4 (red).
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Table S4. Comparison of the catalytic performance of O6-L10y;6 O19-L10y;; with those reported in the literature.

%butane GHSV T Conv. Sel. Yield
Ref.

(Vi) (h™) °O)
06-L10y;, 1.7 2700 400 519 739 37%
06-L10y,; 1.7 2700 400 41% 729% 30%
| 1.4 1200 400-420 65-89% 71-84% 54-64%
2 1.7 5000 380 72% 42% 30%
3 1.7 2000 400 50% 61% 31%
4 1.7 2000 400 87% 64% 56%
s 1.4 2000 400 88% 64% 56%
6 1.5 2000 400 92% 61% 56%
7 1.3 2000 420 94% 66% 62%
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