Conversion of a bio-oil model compound on AICIl,;-modified porous
catalysts investigated by in situ multi-nuclear solid-state NMR

spectroscopy
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Introduction Experimental

of fossil-based vacuum gas oil. The future implementation of the FCC process probably contains a blend [ (DeaY) and USY were delivered by Degussa AG and Grace GmbH & Co KG, respectively. The material USY was

the content of renewable energy resources increased. This are self-imposed targets of the European [ Subsequently, an ion-exchange at 353 K with 1 M NH,NO;-solution was done to transfer the zeolite in its protonated
Union (EU) and part of the 20-20-20 goal to prevent a dangerous climate change [1]. In more detail, the | form. The ion-exchange was two times repeated. The chemically leached material is denoted as USY". The AICI;-
EU plans the decrease of greenhouse gas emission by 20 % (from 1990 levels) and improve the energy || modification of the parent porous materials was performed under batch conditions in glass tubes with a diameter of 4

efficiency and the content of renewable energy sources also by 20 % until the year 2020. The co-feeding || MM. Therefore, the anhydrous AICI; (Acros Organics) was put at the bottom of the tubes, while hydrated parent
of bio-oil compounds, however, requires optimizing the performance of the FCC catalysts due to the high materials were situated above. The weight ratios of porous material and AICIl; was 5:1. The AICI; was sublimated via

Therefore, the co-FCC catalysts have to be coke selective with high hydrothermal stability and catalytic | Were sealed and heated at 423 K for 36 h. Samples after this step are denoted as “parent material/AlCl,/423". For a
activity. Typical FCC catalysts are a mixture of ultra stable zeolite Y (USY) with high pore area and acid | Se€cond modification step, some of the before mentioned samples were hydrated for 4 h in a desiccator over saturated

density and strength, a matrix and additives like ZSM-5. By modifications like chemically leaching and || Solution of Ca(NO;), and subsequently calcined at 723 K with simultaneously evacuation (p < 10" mbar). This
steaming of USY catalysts, the acid site density decreases. Inversely, new acid sites could created with | S@mples are denoted as “parent material/AlCly/723". Dehydrogenated parent and modified materials were loaded with
AICI,-modification of porous Si-rich materials [2]. The post-synthetic formation of surface acid sites was = 2-€thylphenol (99 %, Sigma Aldrich) in a glovebox purged with dry nitrogen. The loading was carried out with a

investigated with solid-state NMR. The catalytic cracking performance of parent and AICI,-modified syringe and according to '"H MAS NMR the value of loading was 0.8 — 1.2 mmol g-'. Afterwards, the loaded materials
catalysts were carried out under batch conditions with pure 2-ethylphenol as bio-oil model compound and = Were sealed in glass tubes after a short evacuation. The reaction takes place in these sealed glass tubes at 753 K for

Results and Discussion

. . - 1fi . v AV A Tab. 1: Bulk ng/n, ratios, Brgnsted and Lewis acid site density of
CharaCterlzatlon Of AICI3 mOdIerd materlals AV AV A 'glo. A:' Al parent and mogifietlj porous materials under study. MAS NMR Shlfts Of ammonlum |Ons formed at
6oL 1! oy . . . _
27A]1 MAS NMR spectroscopy L e E;/IEAFIGS;O Npee @ Ny @ Brgnsted ac_ld sites (BAC) (5”! =6 -7 ppm)

In Figures la and 2a of the Si-rich materials SBA-15 and DeaY are a) USY ICP-OES /mmol g! /mmol g an_d ammonia molecules_coordlnated at Lewis
only very weak 2’Al MAS NMR signals due to the low aluminum 0 Syl gy | SBAIS =600  ns.o. n.s.0. acid sites (LAC) (94 = -0.5 to 3.0 ppm)
content. Due to the modification with AICIl, onto the parent Si-rich b) USY/AICI,/423 v ) ’ SBA-15/AICIy/423 11 0.045 0.110 received of the dn‘ferenfe spectra of unioaded
materials and heating at 423 K, additional strong signals at d,,, = 0 LSY/AICL/793 \ ok ) USY/AICI/723  SBA-1S/AICI723 10 0.020 0.165 and ammonia loaded "H MAS NMR spectra

—— S ) 3 ' were compared with an external intensity

ppm appear in Figures 1b and 2b. This signals are due to octahedrally ———" ™~~~ ——! ~i>——""""— DeaY 116 0.015 0.005 _ 2
coordinated aluminum on the surface of the porous materials. Typical 200 100 0 1005 pprie 0O 190 5,/ PPM  DeaY/AICI /423 21 0.005 0.080 étandard sa)lmIpIeF_(H,NaéY_ with 1.776 rlnmc;lt%

- - - - _ ) Fia 3 27Al MAS NMR f Fig 4: ZAl MAS NMR spectra of roups). In Figure IS an eXampie O e
S|gnals of AICI” with chemical ShITtS (.)f 527'6" = 90 1.10 ppm are not h;/%rated USY before (a) andsgfet((;trr{jlb\lCCI)3 hydrated USY* before (a) and after AlCl, DeaY/AICI;/723 20 0.035 0.100 S ngtI'a spubtractiogn of ammonia |O§ded and
observable [4]. Due to the calcination at 723 K In vacuum, the modification at 423 K (b) and 723 K (c). modification at 423 K (b) and 723K (c).  USY 2.9 0.972 0.185 P _ 7
octahedrally coordinated aluminum is redistributed evidenced by the USY/AICI,/423 2.6 0.801 0.039 unloaded DeaY. The determined acid site

densities of the materials under study are
For Al-rich materials USY and USY*, the effect of AICI,- YSY/AICI/723 o 0.400 - 0.524 given in Table 1. Especially LAC were formed

modification differs to Si-rich materials. The dominating “>' 33 0.730 0.121

strong decrease of the AlV! signal at 6,7, = 0 ppm, the appearance of a
weak signal of AlV at 6,5 = 35 ppm, and a significant increase of the

200 100 0

framework aluminum species Al at d,, = 53 and 58 ppm for SBA- g0 "1 "riive 34 and 4a at 6., = 60 ppm for USYVAICI/423 3.5 1364 0017 byd AICI3'dmOd'f'Cat'°n on parent materials
15/AICI,/723 and DeaY/AICI,/723, respectively (Fig. 1c and 2c). omework AV aluminum decrease due to the AICI,- -USYIAICI/T23 3.3 0437 0271 under study.
AV AV Al AV AV AV - ! : : . 1.6
53, . ] ss! 1  a)DeaY modification and heating at 423 K (Fig. 3b and 4b). nso.nosignalobsevable = DeaY
s ?) SBALS IR However, signal intensities of octahedrally coordinated ~ = Pe"men?! accuracy of £ 10% JML
] L AM aluminum at J,,, = O ppm on USY and USY* RN e,
'\ ) SBA-15/AICI;/423 i || D) DeaY/AlCl/423 increases. Due to the calcination at 723 K in vacuum, the “H MAS NMR spectroscopy 64 |
| — - octahedrally coordinated aluminum is again re- The investigation of acid sites densities was N = difference
MBA-15/A|C|3/723 A% C) DealY/AICI,/723 distributed. Similar to Si-rich materials, the signal at 6,,,, carried out with. ammonia as probe molecule 5 10 5 o s '51'H', ppm

= 0 ppm for octahedrally coordinated aluminum de- and quantitative solid-state 'H NMR

100 100 i i

0 Guwlppm T %m [PPM - creases significant and simultaneous the intensities of spectroscopy. Therefore, ammonia was  Fig 5 *H MAS NMR spectra of dehydrated Dea (iop) and
Fig 1: 27Al MAS NMR spectra of hydrated SBA- Fig 2: 2’Al MAS NMR spectra of hydrated DeaY ) _ ) adsorbed on dehvdrated materials under ammonia loaded Dea¥Y (middle) The bottom spectra
15 before (a) and after AICI; modification at 423 before (a) and after AICl; modification at 423 K framework aluminum at 527AI = 60 PpPpMm INCreases for y (difference) were obtained via subtracting the top from the

K (b) and 723 K (c). Asterisks denote spinning (P) and 723 K (c). Asterisks denote spinning USY/AICI,/723 and USY*/AICI,/723 in Figures 3c and 4c. study and the integrals of characteristic 'H  medium spectra.

sidebands. sidebands.

A
200 100 0

OH

Conversion of 2-ethylphenol on parent and AlCl;-modified materials density on sBa-15/aiciy723 the cracking of EP is high (Fig. 9 g w| 2

1 - AC BAC - a 0o (Fig. 9c) the conversion of EP — I). The high acid site densities of 116 50 s
H spin echo NMR spectroscopy  gensiy gensiyy * " ) SBA15 Similar to the modified SBA-15, the is due to the high LAC density this materials causes broad signals 130 o7 131

The investigation of the volatile reaction l l SL-ZE b) SBA-15/AICI,/423 parent material DeaY with low acid further increased. For parent of EP and conversion products N 135 11’;22 l&:r(]:sity (?eAr?sity 22~ W
products after the conversion of 2-ethyl- + ' .12, ) SBA-15/AICI/723 sjte density forms volatile products. and modified USY and USY*, the H MAS NMR spectra due to

phenol (EP) was studied with 'H spin 0P The acid site density of DeaY/AICI, 0r the strong interaction of acid sites .

echo NMR spectroscopy. In Figure 6 and ~_/{i.. d) bea¥ /423 and DeaY/AICl,/723 was in- " ,.  and organic compounds.

7 a scheme of the utilized H spin echo 5 @) DeaviAlCl/423 v aased by the modification. For 68 |

) DeaY/AICI,/723

: | . . . . 1.0
NMR technique and the plus sequence of ool Al-rich materials, the densities of oy o9 . e 13C MAS NMR spectroscopy 22 B
this experiments are shown, respectively. S BAC were decreased by the tac Bac | .3 | o Additionally, 3C MAS NMR . d) DeaY
i ' P . e - density density | |, : _ | R
After the reaction of EP on materials  h) USY/AICL/423 modification. However, the content PPV a) SBA15 spectroscopy was carried out to
under study, the main volatile products in ' b) SBA-15/AICI,/423

of aliphatic volatile products larger

than methane increase with high o SBA_15/AIC|3/723mves.tlgate the organic residue in

0 o8 materials under study (Fig. 10). For

the sealed glass tubes are methane (5, = D USYIAICL/723 0

0.2 ppm), ethane (4, = 0.9 ppm) and o LAC density. | /Ul d)DeaY materials with low acid site density,
—CH,— groups (6, = 1.2 ppm) (Fig. 8). J) USY Me) DeaY/AICI/423 |ike parent SBA-15 (Fig.10a) and
= —— catalyst L - QUSYIACLA23 14 MAS NMR spectroscopy + -+ ) DeaY/AlCl/723  DeaY (Fig. 10d) the conversion is
==—— glasswool ' 1 v DUSYUAICK/723 - For the investigation of the organic A\ low, evidenced by remaining 1 13
| Vvolatile reaction products 100 50 00 50 4,/ppm  residue on the porous materials 'H signals of EP after the reaction. . j)usy*
z B Fig 8: 1H spin echo NMR spectra of SBA-15 (a), SBA- - B E—— R e A
’ 15/AICI,/423 (b), SBA-15/AICI/723 (c), DeaY (d), MAS NMR  spectroscopy was However, the _crackln_g of EP Is P t b % K) USY*/AICI,/423
— probe DeaY/AICI;/423 (e), DeaY/AICI/723 (f), USY (g), utilized. In Figure 9 a, d, g and | increased with increasing LAC and MW/AICIS/DB
USY/AICI,/423 (h), USY/AICI,/723 (i), USY* (j), - - e s & S
USY*/AIC3I3/423 (0 and USY*/A7CI3/723 (). The dotted the spectra of EP before and after BAC density of the materials. The 55 1s0 120 120 100 80 60 40 20 0 .20 A

N line indicates the relative chemical shift of EP shifted to conversion at 723 K for 10 min on
coll high field due to the non-homogeneous magnetic field materials under study are shown |

conversion on SBA-15/AICI,/723 is .
- Fig 8: 13C MAS NMR spectra of SBA-15 (a), SBA-15/AICI,/423
higher than on SBA-15/AICI;/423, 7 SBA-15/AICI/723 (c), DeaY (d), DeaY/AICL/423 (e)

at the position of resonating molecules. (The direction

1 of the arrows indicate an increase of acid site density) FOr parent SBA-15 (Fig.9a) and ) USY*/AICI,/723 due to the high LAC density. For ?)eaUYS/':\(IC(IJ?))/?lzJ?é \((f)/ALIJC?IY/ 4(3)3 (Lli)SY/?ﬁ'giZ/%g)l,/;stgéﬁ'%s/tzzg
) ] . . . . .  ———— - 1), *’ * an * . Dotte
mr;;mg gas The formation of volatile products Dea\_((Flg. 9d) V\_nthout aC|_d site 100 50 00 50 5 /ppm parent and modlflec_l USY and USY* [/ " v 2-ethylphenol on parent materials under study
2 . . . . . .
Fig 6: Scheme of tH spin echo NMR equipment for the due to the reaction of EP on the denSIty’ the Crac_kln_g of EP IS Very Fig 9: 'H MAS NMR spectra of SBA-15 (a), the Cc_)mplet(_e Cl’a-CkIng Oqcur due to gﬁl;ocrt?orzfrfhicg?rrgwésfﬁéliiﬁed::?;irsegggIggail%e;?:g:ngtgi
measurement of volatile reaction products. porous SBA-15 without acid site low. However, with INncreasing LAC SBA-15/AICI,/423 (b), SBA-15/AICI,/723 (c), the hlgh acid site denS|ty. All 13C
_ . . : : _ DeaY (d), DeaY/AICl,/423 (e), DeaY/AICI,/723 _r I I I ifi
W2 ccqustionorne 0 density is  very low (Fig. 8a). and BAC density of  SBA- e B e oaviaiches  MAS NMR spectra of the Al-rich acid site densEy of parent and modified
1 H However, the formation is increased 15/A|C|3/423 and Dan/A|C|3/423 (i), USY* (j), USY*AICI;/423 (k) and materials are very similar. USY and USY*. The results hints at the
- i : PO USY*/AICI,/723 (). Dotted line indicate 2- : I I I
for the modified materials SBA- algo the conversion is mcrgased thylphendl o parent materials under study Th_erefor_e, the necessary density of mﬂuenc_e Of_ LAC density for the cracking
- Figure 9 b and e, respectively). before the reaction. (The direction of the acid sites for a complete of the bio-oil model Compound EP due to
15/AICI,/423 and SBA-15/AIC,/723 (Fig p y he | of p
with increased acid site density Despite the decreasing BAC arows indicate an increase of acid ste  conyersion of EP is lower than the the increased conversion on materials
Fig. 7: Puls sequence of 1H spin echo NMR experiments. ' density)

with LAC as dominating acid sites.
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Summary

Surface acid sites are formed due to AlCI;-modification and thermal treatment of Si-rich materials. Mainly Lewis acid sites (LAC) are formed.

 Al-rich materials like USY and USY” loses Brgnsted acid site (BAC) density due to AlCl;-modification and thermal treatment at 723 K in vacuum.
However, the Lewis acid site densities are increased.

« Catalytic conversion of 2-ethylphenol (EP) is increased with increased acid site density on Si-rich materials. For Al-rich materials the conversion was
complete for all materials.

» Former inactive material SBA-15 showed after the AICI;-modification and thermal treatment an comparable performance in the catalytic cracking to
parent Dea.

* Due to the AICI;-modification, the activity in catalytic cracking of EP on DeaY/AICI;/423 and DeaY/AICI,/723 was also increased compare to parent
DeaY

« The formation of methane as volatile reaction product is low for materials with high LAC density, especially for parent and modified USY and USY™.

« Materials with Lewis acid sites as dominate acid site like SBA-15/AICI;/723 and DeaY/AICI,;/423 are similar or more active in the catalytic cracking of
EP than the same materials with increased BAC density.
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