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ABSTRACT: Whereas one-dimensional, 10-membered ring zeolites are typically used for
hydroisomerization, Fe**-containing SSZ-70 (Fe-SSZ-70) shows remarkable isomerization
selectivity for a zeolite containing 12- and partially blocked 14-membered rings, in addition to
10-membered rings. Fe-SSZ-70 was compared to Al*’-containing SSZ-70 (Al-SSZ-70) in
constraint index and n-decane hydrocracking tests. Fe-SSZ-70 exhibited a 74% total isomer
yield (64% vyield of monobranched isomers and 10% cracking yield) at 85% conversion
compared to 49% total isomer yield (41% yield of monobranched isomers and 36% cracking
yield) for Al-SSZ-70 at the same conversion. The selectivity to isomerization is attributed to
the weaker acid strength of Fe-SSZ-70 over Al-SSZ-70. Fe-SSZ-70 was directly synthesized
with Fe®* isomorphously substituted in tetrahedral positions. The coordination environment
of the Fe*" was characterized using Mossbauer, electron paramagnetic resonance, and diffuse
reflectance UV—vis spectroscopies. The physicochemical properties were further probed with
inductively coupled plasma atomic emission spectroscopy, temperature-programmed
desorption of isopropylamine, and nitrogen adsorption—desorption. The Fe’* was tetrahedrally coordinated in the as-made
materials and became partially octahedrally coordinated upon calcination; enough Fe®* remained in the framework after calcination
for Fe-SSZ-70 to remain catalytically active.

KEYWORDS: ferrosilicate zeolite, SSZ-70, cracking, hydrocracking, hydroisomerization

1. INTRODUCTION assigned SSZ-70 the three-letter framework code *-SVY; *
indicates a disordered material and - indicates an interrupted
framework in which not all T-atoms are four-connected.) The
structure of calcined Si-SSZ-70 was recently solved using a

The properties of fuels and base oils are generally enhanced
when linear alkanes are branched. For fuels, this results in a
higher octane number and better low-temperature perform-

ance; monobranching in base oils leads to better pour and combination of synchrotron X-ray powder diffraction, two-
freezing points. Monobranched isomers are formed first in the dimensional dynamic nuclear polarization-enhanced magic
hydroisomerization of linear alkanes, followed by multi- angle spinning nuclear magnetic resonance spectroscopy, and
branched products and then cracked products." The zeolites high-resolution transmission electron microscopy.” Although
that are used for the isomerization of linear alkanes the layers of SSZ-70 are related to ones found in the MWW
traditionally have one-dimensional, 10-membered ring chan- family of zeolites, they are arranged differently, which endows
nels (1D, 10-MR).”~* Isomerization occurs at the mouth of the the SSZ-70 material with several distinct differences from other
pore channel,” and the branched products diffuse away from members of the MWW family. During the calcination of
the zeolite because the size of the 10-MR channels selectively MCM-22(P), which is the layered precursor to the MWW-type
restricts diffusion of the branched isomers into the channels. material MCM-22 (MCM-22 and SSZ-25'° are isostructural to

On the other hand, 12-MR zeolites are able to host isomerized
products that can further branch and crack at the acid sites in
the pores.” 1D channels help reduce coke formation and
increase catalyst lifetime. Thus, the shape selectivity of 1D, 10- '
MR zeolites is thought to be ideal. While numerous studies Rec_e“'ed’ March 20, 2022
have tested both multidimensional and 12-MR AI**-containing Rev‘fed‘ May 3, 2022
zeolites, none have an isomer selectivity as high as 1D, 10-MR Published: May 16, 2022
zeolites to the best of our knowledge.

SSZ-70 is synthesized as a layered precursor material with
MWW-type layers.”~” (The International Zeolite Association

one another), six silanol groups from the surface of one layer
condense directly upon another six silanol groups from the

© 2022 American Chemical Society https://doi.org/10.1021/acscatal.2c01361

W ACS PUbl ications 6464 ACS Catal. 2022, 12, 6464—6477


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+M.+Lew"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cong-Yan+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gary+J.+Long"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fernande+Grandjean"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+S.+Ichimura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dan+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dan+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicola%CC%81s+A.+Grosso-Giordano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Khetpakorn+Chakarawet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Howard+S.+Lacheen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kurt+O.+Jensen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abraham+Martinez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abraham+Martinez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Katz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bi-Zeng+Zhan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stacey+I.+Zones"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.2c01361&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01361?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01361?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01361?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01361?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01361?fig=abs1&ref=pdf
https://pubs.acs.org/toc/accacs/12/11?ref=pdf
https://pubs.acs.org/toc/accacs/12/11?ref=pdf
https://pubs.acs.org/toc/accacs/12/11?ref=pdf
https://pubs.acs.org/toc/accacs/12/11?ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acscatal.2c01361?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org/acscatalysis?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

adjacent layer to form a 12-MR MWW cage in the interlayer
region."' However, the layers in the precursor to SSZ-70 are
disordered and shifted by +1/3 of a unit cell along the (110)
direction.” As a result, only half as many silanols condense, and
the interlayer region in SSZ-70 forms a 14-MR that is partially
blocked by silanol groups, which differs from the 10-MR
channel system formed in calcined MWW. The resulting
silanol groups exist as a single isolated silanol group and a
separate nest of three silanol groups in the interlayer regions."”
SSZ-70 retains the MWW-type 12-MR side pockets on the
surface of the MWW layer, as well as the 10-MR channels
within the MWW layers. The stacking sequence is nearly
random, although some ABAB stacking is observed.

The layered precursors of zeolites, including MWW-type
zeolites,"> FER,™* CDO,'>'° and others, can be modified using
post-synthetic treatments to create new zeolitic materials with
three-dimensional and/or hierarchical nanoarchitectures. For
example, MCM-22(P) is the precursor of MWW, and it can be
(1) calcined to create the three-dimensional zeolite MWW, (2)
delaminated to form individual two-dimensional MWW sheets,
and (3) swollen and pillared to produce MCM-36, which
contains both zeolitic micropores and larger mesopores.'” The
synthesis of the all-silica, aluminosilicate, and borosilicate
forms of SSZ-70 has been previously described,'” ™" and these
materials have similarly been post-synthetically modified to
create delaminated and hierarchical structures.”””' The
delaminated materials, which possess higher surface areas
than their three-dimensional counterparts, have shown higher
activity in aromatic alkylation,”* olefin epoxidation,” and
Baeyer—Villiger oxidation.”* AI**-containing SSZ-70, herein
referred to as Al-SSZ-70, that was pillared showed increased
activity for benzylation of mesitylene as compared to directly
calcined Al-SSZ-70.>' Directly calcined Al-SSZ-70 shows
promise as a catalyst for olefin oligomerization.”

We used delaminated AI-SSZ-70 in vacuum gas oil
hydrocracking tests for distillate production, and Figure 1
shows the relative product yields of delaminated Al-SSZ-70
against a commercial hydrocracking catalyst. The results are
presented based on the simulated distillation (non-loss
Simdist).”® The target distillate product had a boiling range
of 121-260 °C, of which the commercial hydrocracking
catalyst had higher yields than AI-SSZ-70. On the other hand,

4 Commercial Catalyst
= | 2 Delaminated Al-SSZ-70
£ | = Commercial Catalyst .
£ | o Delaminated A-SSZ-70 121-260 °C
2 e Commercial Catalyst e
© | o Delaminated AI-SSZ-70 .-~
3 AR
o .
©
< o n
s .
2
kel
Q2
=

30 40 50
Hydrocracking Conversion (wt%)

Figure 1. Yields of three different boiling range products versus the
conversion of a vacuum gas oil feed in hydrocracking for delaminated
Al-SSZ-70 and a commercial hydrocrackmg catalyst. The yields are
based on simulated distillation.® The vertical arrows indicate the pair
of the commercial hydrocracking catalyst and delaminated Al-SSZ-70
yields to compare at each cut point.
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Al-SSZ-70 had higher yields in the lower boiling range
products, C;—121 °C and C,— (where C; refers to
hydrocarbon chains with five carbons and C,— refers to
hydrocarbon chains with four or fewer carbons). These results
indicate that AI-SSZ-70 overcracks when targeting for the
121-260 °C distillate product and suggest that the acid sites
are too strong for this application. In contrast, the acid sites in
B*-containing SSZ-70 (B-SSZ-70) are too weak to be useful
under the same conditions (data not shown).

Isomorphic substitution of Fe®* into the tetrahedral
positions of other zeolite frameworks has shown that Fe®*
has an intermediate acid strength to that of aluminum and
boron. By using both density functional theory (DFT) and
methanol dehydration experiments on MFI zeolite, Jones et al.
found that the heteroatom composition controls the strength
of the acid site.”” Earlier experimental work by Chu and Chang
used ammonia temperature-programmed desorption (TPD) to
study MFI materials substituted with various heteroatoms and
found that Bronsted ac1d site strength increased according to Si
< B < Fe < Ga < AL*® Numerous other DFT studies have
reached similar conclusions.”” >

To determine whether a heteroatom with intermediate
acidity could help reduce overcracking, Fe**-containing SSZ-70
(Fe-SSZ-70) was prepared through a direct synthesis
method.” The synthesis of Fe’"-substituted MCM-22 has
been previously published®® and Fe®* has also been post-
synthetically grafted onto delaminated SSZ-70.>> This report,
however, describes the first experimental example of the direct
synthesis of SSZ-70 with the isomorphic substitution of Fe®".
1,3-Dicyclohexylimidazolium hydroxide (DCHI) and 1,3-
diisobutylimidazolium hydroxide (DIBI) were used as organic
structure-directing agents (OSDAs; Figure 2) under a wide

OGO oy

Figure 2. Chemical structures of (a) 1,3-dicyclohexylimidazolium
hydroxide and (b) 1,3-diisobutylimidazolium hydroxide.

A
\_/
(a)

range of Si/Fe atomic ratios, and both hydroxide and fluoride
conditions can produce Fe-SSZ-70. The physicochemical
properties of Fe-SSZ-70 were characterized, and several
methods were employed to probe the coordination environ-
ment of Fe**. Fe-SSZ-70 was tested for the hydrocracking of n-
decane, and its cracking and isomerization performance was
compared to that of Al-SSZ-70.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Fe-SSZ-70 Using DCHI under
Hydroxide Conditions. Synthesis conditions are listed in
Table 1. The optimal synthesis conditions are described in
detail here, which represent Example 9 in Table 1. Water (1.56
g), 0.16 g of sodium hydroxide (50 wt % solution), and 9.70 g
of DCHI (10 wt % solution) were added to a 23 mL Teflon
liner. The solution was stirred until homogeneous. Cabosil M5
(1.20 g) was slowly added and stirred until the solution was
homogeneous. Iron(III) nitrate nonahydrate (0.16 g) was
added. The final molar composition of the synthesis gel was 1
$i0,/0.01 Fe,0,/0.05 Na,0/0.2 DCHI/30 H,0. The Teflon
liner was transferred to an autoclave and heated in a 150 °C

https://doi.org/10.1021/acscatal.2c01361
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Table 1. Synthetic Conditions” and X-ray Diffraction
(XRD) Results for Samples Made in Hydroxide Media
Using DCHI as the OSDA

molar ratio

example Si/Fe Na/Si H,0/Si XRD results
1 15 0.200 30 amorphous
2 15 0.250 30 amorphous
3 25 0.150 30 SSZ-70
4 2S5 0.200 30 SSZ-70
N 33 0.10S 30 SSZ-70
6 42 0.102 30 SSZ-70
7 NY 0.100 20 SS8Z-70
8 S0 0.100 26 SSZ-70
9 S0 0.100 30 SSZ-70
10 S0 0.100 3S SSZ-70
11 NY 0.100 40 SS§Z-70
12 100 0.095 30 SSZ-70
13 250 0.092 30 SSZ-70

“Synthesis was carried out over 7 days at 150 °C at a DCHI/Si molar
ratio of 0.2.

oven with rotation at 43 rpm for 7 days. The product was
filtered and washed with deionized water.

2.2. Synthesis of Fe-SSZ-70 Using DIBI under
Hydroxide Conditions. Synthesis conditions are listed in
Table 2. The optimal synthesis conditions are described in

Table 2. Synthetic Conditions” and XRD Results for
Samples Made in Hydroxide Media Using DIBI as the
OSDA

molar ratio

example  time (days) Si/Fe Na/Si H,0/Si XRD results
14 42 25 0.200 30 amorphous
15 42 33 0.105 30 amorphous
16 7 42 0.102 30 MTW
17 7 50 0.100 20 SSZ-70
18 7 50 0.100 25 MTW
19 7 50 0.100 30 MTW
20 7 S50 0.100 35 MTW
21 12 50 0.100 50 EUO
22 22 100 0.095 30 SSZ-70
23 12 250 0.092 30 SSZ-70

“Synthesis was carried out at 150 °C at a DIBI/Si molar ratio of 0.2.

detail here, which represent Example 17 in Table 2. Sodium
hydroxide (0.18 g, SO wt % solution) and 9.96 g of DIBI (9 wt
% solution) were added to a 23 mL Teflon liner. The solution
was stirred until the solution was homogeneous. Cabosil MS
(1.40 g) was slowly added and stirred until the solution was
homogeneous. Iron(III) nitrate nonahydrate (0.19 g) was
added. Water (1.13 g) was evaporated from the solution by
gently blowing a stream of nitrogen over the top of the
solution. The final molar composition of the synthesis gel was
1 Si0,/0.01 Fe,05/0.05 Na,0/0.2 DIBI/20 H,O. The Teflon
liner was then transferred to an autoclave and heated in a 150
°C oven with rotation at 43 rpm for 7 days. The product was
filtered and washed with deionized water.

2.3. Synthesis of Fe-SSZ-70 under Fluoride Con-
ditions. Synthesis conditions are listed in Table 3. The
optimal synthesis conditions are described in detail here, which
represent Example 26 in Table 3. Tetraethylorthosilicate
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Table 3. Synthetic Conditions” and XRD Results for
Samples Made in Fluoride Media Using DCHI and DIBI as
the OSDAs

molar ratio
example  time (days) OSDA H,0/Si XRD Results
24 14 DCHI S SSZ-70 + unknown
25 14 DCHI 10 amorphous
26 19 DIBI S SSZ-70
27 28 DIBI 10 amorphous

“Synthesis was carried out at 150 °C at molar ratios of Si/Fe = 50,
OSDA/Si = 0.5, and HE/Si = 0.5.

(TEOS, 5.00 g) was added to 26.41 g of DIBI (9 wt %
solution) in a polyethylene bottle. The TEOS was stirred and
hydrolyzed overnight. The resulting ethanol and 21.35 g of
water were evaporated by gently blowing a stream of nitrogen
over the top of the solution. Then, 0.50 g of hydrofluoric acid
(48%) was added and the mixture was homogenized with a
spatula. Iron(III) nitrate nonahydrate (0.20 g) was added, and
the mixture was homogenized with a spatula. The final molar
composition of the synthesis gel was 1 SiO,/0.01 Fe,0;/0.5
HF/0.5 DIBI/S H,O. The contents of the polyethylene bottle
were transferred to a Teflon liner and heated in a 150 °C oven
under static conditions for 19 days. The product was filtered
and washed with deionized water.

2.4. Synthesis of AI-SSZ-70 Using DCHI under
Hydroxide Conditions (Example 28). AI-SSZ-70 was
synthesized as a reference for this study on Fe-SSZ-70
materials. The details of its synthesis are as follows: 1.61 g
of water, 0.16 g of sodium hydroxide (50 wt % solution), and
9.70 g of DCHI (10 wt % solution) were added to a 23 mL
Teflon liner. The solution was stirred until homogeneous.
Reheis F-2000 aluminum hydroxide (0.04 g) was added, and
the mixture was stirred until homogeneous. Then, 1.20 g of
Cabosil MS was slowly added and stirred until the solution was
homogeneous. The final molar composition of the synthesis gel
was 1 $i0,/0.01 ALO5/0.05 Na,0/0.2 DCHI/30 H,O. The
Teflon liner was transferred to an autoclave and heated in a
160 °C oven with rotation at 43 rpm for 7 days. The product
was filtered and washed with deionized water.

2.5. Calcination. The as-made zeolite was spread into a
thin layer on a calcination dish and heated in a muffle furnace
in flowing air to 120 °C at a rate of 1 °C/min and held at 120
°C for 2 h. The temperature was then increased at 1 °C/min to
550 °C and held at 550 °C for S h.

2.6. Ammonium Exchange. The calcined material was
ion-exchanged into the ammonium form by adding it to a 10
wt % ammonium nitrate solution in a mass ratio of 10/1 for 10
wt % NH,NO; solution to calcined SSZ-70. The solution was
heated statically at 95 °C for at least 2 h. The solution was
decanted, and the process was repeated two more times.
Following the final exchange, the zeolite was washed with
deionized water to a conductivity of less than 50 yS/cm and
dried at 95 °C. The NH,*-form of SSZ-70 was converted to
the H'-form by using the same calcination procedure as above.

2.7. Physicochemical Characterization. XRD was
measured on a Panalytical Empyrean instrument using Cu
Ka radiation. Scanning electron microscopy (SEM) was
performed on a JEOL JSM 6700 F instrument. Elemental
analysis was measured using inductively coupled plasma atomic
emission spectroscopy (ICP-AES) by Galbraith Laboratories,
Inc. Nitrogen adsorption—desorption was performed on a

https://doi.org/10.1021/acscatal.2c01361
ACS Catal. 2022, 12, 6464—6477
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Micromeritics ASAP 2010, and the micropore volume and
external surface area were calculated using the t-plot method.*
Temperature-programmed desorption (TPD) experiments
using isopropylamine were measured on a TA Instruments
Q5000 IR. The sample was pre-treated at 400 °C for 1 h in
flowing N,. The dehydrated sample was then cooled to 120 °C
in flowing N, and held for 30 min in flowing N, saturated with
isopropylamine. The sample was then heated to 500 °C at a
rate of 10 °C/min in flowing N,. Palladium dispersion was
measured on a Quantachrome Autosorb iQ. The sample was
pre-treated according to the procedure outlined in Table S1, at
which point the total hydrogen chemisorption was measured at
110 °C at the following pressures: 24, 29, 35, 39, 44, 48, and
53 kPa. The sample was then placed under vacuum for 10 min,
and the isothermal hydrogen chemisorption was repeated to
determine the weak and strong hydrogen chemisorption
components. The dispersion values were calculated and
reported based on the actual Pd loading from ICP-AES
analysis.

Zero-field iron-57 Mossbauer spectra were measured in a
constant acceleration SEE Corp. spectrometer that utilized a
room-temperature rhodium matrix cobalt-57 source. The
zeolite absorber was placed in a nylon washer sealed with
Kapton tape and studied in a Janis Research cryostat that was
cooled with a helium-closed cycle refrigerator for the 5 K
spectrum. The spectrometer was calibrated at 290 K with a 30
um a-iron foil. All isomer shifts are reported relative to a-iron
at 290 K. The thickness of the Mossbauer spectral absorbers
was about 50 mg/cm? of the sample as a fine powder.””

Electron paramagnetic resonance (EPR) spectra were
measured on a Varian E-12 spectrometer. The field sweep
and signal average were controlled by the EWWin software and
hardware package. 2,2-Diphenyl-1-picrylhydrazyl (g = 2.0037)
was used to calibrate the magnetic field.

Diffuse reflectance UV—vis (DRUV—vis) spectroscopy was
performed on a Varian Cary 4000 spectrophotometer fitted
with a praying mantis attachment from Harrick Scientific
Products. Compacted poly-(tetrafluoroethylene) powder was
used as a standard perfect reflector for the baseline corrections.
The spectra are reported using Kubelka—Munk pseudo-
absorbance and normalized to the maximum value of
absorbance.

2.8. Preparation of the Hydrocracking Catalyst. The
ammonium form of SSZ-70 was ion-exchanged in an aqueous
palladium nitrate solution at a pH of ~10 for a Pd loading of
0.5 wt % (dry wt basis). The zeolite was washed with deionized
water to a conductivity of less than 50 yS/cm and dried. The
zeolite was then calcined in air at 482 °C for 3 h with a ramp
rate of 1 °C/min.

2.9. Constraint Index (Cl). H*-form SSZ-70 (0.5 g) was
pelletized at 5000 psi, meshed to 20—40, and charged into a 3/
8 in stainless steel reactor with alundum on both sides of the
zeolite bed. Helium was introduced into the reactor tube at a
rate of 10 cm®/min at atmospheric pressure. The reactor was
heated in a Lindburg furnace to 454 or 482 °C, and a 50/50
(wt %/wt %) feed of n-hexane and 3-methylpentane was
introduced into the reactor at a rate of 8 yL/min using a
Brownlee pump. Direct sampling via on-line gas chromatog-
raphy began 15 min after feed introduction.

2.10. Hydrocracking of n-Decane (nC,,). The Pd-loaded
sample (0.5 g) was pelletized at S000 psi, meshed in a 20—40
range, and charged into a 0.25 in outside diameter stainless
steel reactor. Alundum was loaded upstream of the catalyst,
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and the reactor was pressurized to 1200 psig using hydrogen.
The catalyst was reduced at 315 °C for 1 h in a hydrogen flow
of 160 mL/min. The run conditions were as follows: a total
pressure of 1200 psig; a down-flow hydrogen rate of 8.3 mL/
min, when measured at 1 atmospheric pressure and 25 °C; and
a down-flow n-decane liquid feed rate of 0.66 mL/h. Products
were analyzed by on-line gas chromatography every 30 min.
Conversion is defined as the amount of n-decane that reacted
to produce other products, including isomers of C,,. Yields are
expressed as mole percent of products other than n-decane and
include the C,, isomers as a yield product.

nC,, test is a standard test reaction at the Chevron
Technical Center research facility. Reproducibility of the
reactor and on-line GC analysis are frequently tested with a
few standard catalysts (and occasionally some purposefully
selected catalysts). In addition, at least five sequential on-line
GC data points (each per 60 min) are acquired for each
temperature reported in the nC,, data to ensure reproducibility
before moving on to the next reaction temperature in our
continuous experiments. Furthermore, after going through the
temperature profile, the reactor is then brought back to
selected temperatures to check the reproducibility of the
results and catalyst stability at these selected temperatures
before and after having finished the entire temperature profile.
The Pd/Fe-SSZ-70 and Pd/Al-SSZ-70 samples tested in this
study did not show evidence of deactivation over the time
scales of these reactions (3—7 days).

3. RESULTS

3.1. Synthesis. Tables 1 and 2 show synthesis conditions
and XRD results for samples made in hydroxide media using
DCHI and DIBIL Under these conditions, DCHI consistently
produces as-made SSZ-70 materials from gels with a wide
range of atomic Si/Fe molar ratios from 25 to 250. Conversely,
DIBI also results in MTW and EUO phases, although SSZ-70
can still be made from gels with atomic Si/Fe ratios from 50 to
250. The appearance of 1D, 10-MR, and 12-MR phases is not
surprising for DIBI: previous studies using this OSDA have
also resulted in MTW," and more generally, imidazolium-
based OSDAs are known to produce 1D, 10-, and 12-MR
zeolites.>® For the gels made in this study with DIBI at a Si/Fe
ratio of 50, the water content seems to be the controlling factor
for phase selectivity (Table 2). As the water content increases
and gel pH decreases, the resulting phases reduce in
dimensionality and pore size from a multidimensional zeolite
with both 10- and 12-MR (SSZ-70) to a 1D, 12-MR (MTW)
to a 1D, 10-MR (EUO).

Table 3 shows synthesis conditions and XRD results for
samples made in fluoride media using DCHI and DIBI Both
OSDAs are capable of making SSZ-70, although a pure-phase
SSZ-70 was not attainable using DCHI. Similar results for Al-
SSZ-70 in fluoride were previously found in which DIBI was
more selective than DCHI over a Si/Al range from 15 to oo:
DIBI led to SSZ-70 over this range, whereas DCHI also
resulted in a different phase (¥BEA)."”’

Note that subsequent physicochemical characterization and
catalytic tests are reported for the hydroxide version of Fe-SSZ-
70 using DCHI (Example 9 as described in the Experimental
Section). The only exceptions are Figures S1 and S2, which
show the XRD patterns of as-made Fe-SSZ-70 synthesized
under hydroxide and fluoride conditions, respectively, using
DIBI as the OSDA. These two samples correspond to
Examples 17 and 26, respectively, from Tables 2 and 3.
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Figure 3. XRD patterns of (a) as-made Fe-SSZ-70 and Al-SSZ-70 and (b) calcined Fe-SSZ-70 and Al-SSZ-70. The Fe-SSZ-70 samples are Example

9, and the Al-SSZ-70 samples are Example 28.

B 0183701

Chevron X15,000 WD 3.0mm

1um

Chevron

91707.02

SEI 2.0kV

(b)

X15,000 WD 2.9mm

1um

Figure 4. SEM images of (a) as-made Fe-SSZ-70 and (b) as-made Al-SSZ-70.

Table 4. Chemical and Textural Properties of As-Made and Calcined Fe-SSZ-70 and Al-SSZ-70 Samples

theoretical acid site density

sample Si/Mga®  Si/Mproduet” (umol/g) b
Fe-SSZ-70, e SO 44
Fe-SSZ-70 e 46 354
AL-SSZ-70,0 14e 50 40
AL-SSZ-70 e 45 358

“M = Fe or Al; Si/M ratios are calculated from Si, Al, and Fe wt % measurements from ICP-AES. ®Calculated from Si/ Mroduct

experimental acid site density

microg)ore volume external surface area

(umol/g) cm’/g) (m?/g)
180 0.17 103
270 0.17 107

ICP-AES values for

the calcined samples by assuming one acid site per M** ion. “Measured by isopropylamine TPD.

3.2. X-ray Diffraction. Roth et al. performed an extensive
XRD analysis on several members of the MWW family,
including EMM-10(P), MCM-22(P), MCM-49, and MCM-
56,"” while other members of the MWW family have been
classified in another paper by Grzybek et al.*' Specifically, Roth
et al. studied the 6—7.5° and 7.5—10° 20 regions of the XRD
patterns. The peaks in the 6—7.5° 26 region consist of either a
singlet or a doublet from the (002) and (100) reflections. A
singlet represents a contracted stacking repeat (~25 A),
whereas a doublet results from an expanded interlayer
separation in the c-axis (~27 A). Similarly, the 20 region
between 7.5 and 10° consists of either two discrete peaks
((101) and (102) reflections) or one broad peak. Those
materials with two peaks exhibit aligned stacking of the layers
along the c-axis, while those with the broadband have layers
that are twisted off-register (vertically misaligned).
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Figure 3a shows the XRD patterns of the as-made forms of
Fe- and Al-SSZ-70 (Examples 9 and 28 from the Experimental
Section, respectively). These patterns are similar to those of
the original patents and early publications on $SZ-70.""~"**
Both samples exhibit two reflections in the 6—7.5° 26 region
and a broader peak in the 7.5—10° 26 region; in those two
regions, the Fe- and Al-SSZ-70 patterns resemble that of
EMM-10(P). However, the merged (101)/(102) peak in the
Fe- and Al-SSZ-70 samples centered at 8.8° is much better
defined than the broadband observed in EMM-10(P).*" This
better resolution indicates the +1/3 shift of the layers in the
(110) direction, which is one of the defining features of SSZ-70
versus the other members of the MWW family.”

After calcination (Figure 3b), the peak at 6.5° disappears in
the Fe- and Al-SSZ-70 XRD patterns, indicating that the
MWW layers condense together; these patterns resemble that
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Figure 5. M0ssbauer spectra, left, of the calcined and as-made Fe-SSZ-70 zeolite fit with a distribution of quadrupole splittings, right, by using the

Le Caér and Dubois method.**

of MCM-56 after calcination.”” However, the broader peak
centered at 8.8° remains, which shows that the structure
retains the +1/3 shift. These results are again consistent with
those of the previous SSZ-70 synthesis and structure
studies.”'” !9

3.3. Scanning Electron Microscopy. Figure 4 shows
SEM images of as-made Fe-SSZ-70 and AI-SSZ-70. The
crystals are roughly 0.5—1 pm in diameter and exhibit the
typical plate-like morphology of a layered material, which is
similar to previously reported SSZ-70 materials.” SEM does
not show significant differences before and after calcination
(Figure S3). Although local rearrangement of some framework
atoms typically occurs upon calcination, the apparent crystal
morphology remains the same.

3.4. Chemical and Textural Properties. Table 4 shows
chemical and textural properties of Fe-SSZ-70 and Al-SSZ-70.
Both gels start with an atomic Si/M molar ratio of 50, where M
is Fe or Al, and the Si/M ratios in the as-made Fe- and Al-SSZ-
70 products are 44 and 40, respectively. Both as-made products
seem to incorporate similar amounts of heteroatoms (Fe or Al)
during crystallization. After calcination, the Si/M ratios are not
significantly changed.

ICP-AES is a bulk measurement technique, however, and it
does not differentiate between framework and extra-framework
M. TPD using isopropylamine better probes Bronsted acidity

and can be used to estimate the M density in the zeolite
framework. These experimental values can be compared to a
theoretical acid site density in which each M ion is assumed to
associate with one acid site; the theoretical values are
calculated based on the calcined Si/M ratios obtained from
ICP-AES. The experimental acid site density of calcined Fe-
SSZ-70 is just over 50% of the theoretical acid site density,
which suggests that half the Fe®" is extra-framework. In
comparison, 75% of the AI** in AI-SSZ-70 is associated with an
acid site.

Kotke et al. proposed that isopropylamine during TPD
experiments only adsorbs onto framework Fe**.*> To further
support this hypothesis, calcined Fe-SSZ-70 was subjected to
100% steam at 800 °C for 1 h at atmospheric pressure. Under
these harsh conditions, all of the Fe>* should be removed from
the framework.” Indeed, isopropylamine TPD experiments
measured zero acid sites, thus showing that the contributions
to the acid site density measurements do not come from extra-
framework Fe’*.

The micropore volumes of Fe-SSZ-70 and Al-SSZ-70 are
both 0.17 cm’/g and are similar to previously reported
values.*” Furthermore, like other layered materials, the Fe-SSZ-
70 crystals exhibit relatively high external surface areas. The
Fe** does not appear to affect the micropore size or surface
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Table S. Distribution Fit Mossbauer Spectral Parameters”

sample T (K) 5, (mm/s)® me
Fe-SSZ-70,ned 290 0.366(4) 0.000(5)
Fe-SSZ-70,uned 5 0.494(5) 0.000(5)
Fe-SSZ-70, e 5 0.34(2) 0.030(5)

(AEq) (mm/s) o (mm/s)? AE fit range (mm/s)
1.12(3) 0.58(3) 0.0-3.4
1.12(2) 0.71(2) 0.0—4.0
1.50(5) 1.16(5) 0.0—4.5

“The statistical errors are given in parentheses. The fits have been obtained by using the Le Caér and Dubois method** with the linewidth of each

of the 20 components used in the fit constrained to 0.24 mm/s.

YThe isomer shlft values are given relative to the a-iron foil measured at 290 K.

“The linear correlation coefficient, m, is the unitless slope in &; = 6, + m(AE,). 9The standard deviation of the weighted average (AEq) values

found in the distribution fits.

area of SSZ-70 when compared to reported values for Si-, Al-,
or B-SSZ-70.

3.5. Characterization of the Coordination Environ-
ment of Fe**. To understand the catalytic behavior of Fe-
SSZ-70, we must first have a solid understanding of the state of
the Fe*. Is it in the zeolite framework? Does it have a
tetrahedral or octahedral environment? What effect does
calcination have on the Fe’*? We used Mdossbauer spectros-
copy, EPR, and DRUV—vis to further probe the Fe*" in as-
made and calcined Fe-SSZ-70.

3.5.1. Mossbauer Spectroscopy. The zero-field iron-57
Mossbauer spectra of calcined Fe-SSZ-70 were measured at
290 and 5 K, and the spectrum of as-made Fe-SSZ-70 was
measured at 5 K; the experimental spectra are shown as the
plus symbols in Figures 5 and S4 and the corresponding fit
parameters are given in Table S.

Initially, the observed Mossbauer spectra were fit with two
symmetric quadrupole doublets with a Lorentzian lineshape
and the same isomer shifts and line widths; the corresponding
spectral fits are shown as the lines in Figure S4; and the
corresponding initial fit parameters are given in Table S2. In
these initial fits, as-made Fe-SSZ-70 exhibits an isomer shift, ,
of 0.33(2) mm/s at S K, whereas calcined Fe-SSZ-70 exhibits a
8 of 0.366(4) mm/s at 290 K, a value that increases to
0.493(5) mm/s at S K. Any attempt to use two different
isomer shifts for the doublets in a given spectrum either failed
or refined to virtually the same value.

All of the initial spectral fit parameters for the 5 K as-made
Fe-SSZ-70 spectrum are consistent with high-spin Fe®" ions in
a predominately four-coordinate pseudo-tetrahedral coordina-
tion environment.””* In contrast, all of the initial spectral fit
parameters and the changes between 290 and 5 K for the
calcined Fe-SSZ-70 spectra are fully consistent with high-spin
Fe®" ions in a predominately six-coordinate pseudo-octahedral
coordination environment. Indeed, calcining the as-made Fe-
SSZ-70 sample has a substantial influence on the local Fe®*
coordination environments, with a shift from a four-coordinate
pseudo-tetrahedral environment to a predominantly pseudo-
octahedral environment. However, the line widths, I, of the
initial fits are very large, ranging from 0.56 to 1.14 mm/s,
which indicate a large distribution in the Fe*" coordination
environments, especially in the as-made Fe-SSZ-70.

Because of the very large line widths of the initial Lorentzian
fits, as noted above, it is more realistic that all three of the
spectra be fit by using the Le Caér and Dubois method** with
a distribution of 20 quadrupole splittings, AE, a distribution
that may or may not show a linear correlation, 6; = 6, +
m(AEq,), between the isomer shifts and the quadrupole
splittings. Indeed, the three spectra are excellently fit with a
distribution consisting of 20 symmetric Lorentzian doublets
(see Figure 5 and Table S5). The fits of the S and 290 K spectra
of the calcined Fe-SSZ-70 sample reveal no observable linear
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correlation between AEq; and §, ie, m = 0.000(S). In
contrast, for the as-made Fe-SSZ-70 sample, there is a small,
albeit weak, linear correlation between these two parameters
with m = 0.030(5).

As was observed in the initial Mossbauer spectral fits, the
distribution fits at S K yield an isomer shift of §, = 0.34(2)
mm/s for the as-made Fe-SSZ-70 spectrum as compared with a
substantially larger &, = 0.494(5) mm/s for the calcined Fe-
SSZ-70 spectrum. This increase in the isomer shift is fully
consistent with an increase in the Fe®* coordination number
from a four-fold pseudo-tetrahedral coordination to a six-fold
pseudo-octahedral coordination upon calcination.

3.5.2. Electron Paramagnetic Resonance. For as-made Fe-
SSZ-70, the EPR X-band spectrum (Figure 6) acquired at 77 K

1500
g=43 ¢=20
1000 - : .
500 -
calcined
o
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=
o
-500 -
-1000 -
-1500 L - :
0 2000 4000 6000 8000

Magnetic Field (G)

Figure 6. EPR spectra of as-made and calcined Fe-SSZ-70.

shows Fe’* signals with characteristic g-values of 4.3 and 2.0.
The g = 2.0 resonance is broad and intense and is assigned to
Fe*' in tetrahedral framework positions with relatively high
symmetry © The g = 4.3 resonance has been assigned to both
framework and extra-framework Fe®*. However, because
octahedral sites do not appear until after calcination, the 8=
4.3 resonance is assigned to tetrahedral framework Fe>* in
more distorted symmetry environments*® than those that give
rise to the g = 2.0 resonance. This assignment is consistent
with the distribution fit of the Mossbauer spectral quadrupole
splitting (see the lower right portion of Figure S), which shows
a significant contribution of quadrupole splittings greater than
1 mm/s. Additional features of the EPR spectrum include a
broad shoulder at low fields below g = 4.3 and an unresolved
signal at g ~ 2.6. All of the spectral features observed in as-
made Fe-SSZ-70 are characteristic of tetrahedral framework
Fe*" and are similar to spectra observed in other Fe**-doped
zeolites, such as Fe-MFL"

After calcination, the g = 2.0 line decreases in intensity,
showing that some Fe’" is released from the framework,
resulting in extra-framework Fe®*. However, a small signal at g
= 2.0 remains, indicating that calcination does not completely
extract all of the Fe** from the framework. This result is
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consistent with the acid site density measurements on calcined
Fe-SSZ-70 that show active adsorption sites and the
Mossbauer spectral results discussed above.

3.5.3. Diffuse Reflectance UV—Vis Spectroscopy. Figure 7
shows the DRUV—vis spectra of as-made and calcined Fe-SSZ-

—— as-made
- calcined
ffffff after Constraint Index test

Normalized F(R) Pseudoabsorbance

200 250 300 350 400 450 500
Wavelength (nm)

Figure 7. DRUV—vis spectra of as-made and calcined Fe-SSZ-70.

70. The as-made Fe-SSZ-70 exhibits a double-band pseudo-
absorbance below 300 nm. These two bands centered at 220
and 245 nm are generally associated with O — Fe®* charge-
transfer transitions involving isolated tetrahedral Fe’* in
zeolitic frameworks. Specifically, the two bands can be assigned
to t; = t, and t; — e transitions from a nonbonding orbital
(localized on oxygen) to antibonding orbitals (localized on
isolated framework Fe**).* In contrast, a pseudo-absorbance
band above 300 nm is generally assigned to extra-framework
Fe®" centers that are likely gpresent as aggregates (e.g., Fe—O—
Fe or even bulk Fe,0;).*" Such a pseudo-absorbance above
300 nm is not observed in as-made Fe-SSZ-70, indicating that
Fe®' is present as tetrahedrally coordinated isolated centers in
the framework of as-made Fe-SSZ-70. In contrast, the pseudo-
absorbance above 300 nm appears after calcination of Fe-SSZ-
70, indicating the presence of Fe’ oxide aggregates. This
observation suggests that some framework Fe’* centers in as-
made Fe-SSZ-70 are removed from the framework upon
calcination, forming Fe®" oxide aggregates.

It should be noted that the conclusions drawn from DRUV—
vis spectroscopy as a stand-alone technique for determining the
coordination environment of Fe’ in zeolites must be
interpreted with caution.***’ For example, DRUV—vis cannot
easily discern between small Fe—O—Fe aggregates and bulk
Fe,0;. However, the combination of this technique with more
conclusive experimental methods applied to Fe**-containing
zeolites can provide useful information.’”*! In particular, the
Mossbauer spectral results described above for calcined Fe-
SSZ-70 detect neither a magnetic sextet nor the inner lines of a
sextet at 290 and S K; if present, such a sextet would indicate
the presence of bulk Fe,O,;. Even bulk, small super-
paramagnetic Fe,O; particles would be expected to yield a
sextet pattern at S K. Thus, any extra-framework species
present upon calcination exist as pseudo-octahedrally coordi-

nated Fe®* ions that are either isolated species or super-
paramagnetic aggregates with only a few Fe®* ions.

3.6. Catalytic Testing. The Constraint Index (CI) test was
designed to investigate shape selectivity and relative pore sizes
in different zeolites.’>*®> These properties are quantified by
measuring the ratio of the rates of conversion of n-hexane to 3-
methylpentane in the acid-catalyzed cracking of an equimolar
mixture feed of these two components. Generally, CI values of
one or less are typical of large-pore zeolites, while small-pore
zeolites have a CI greater than 10. Large cavities within the
structure, however, must be accounted for when analyzing the
results,> as will be discussed below in relation to the iC4/nC4
ratio in the product. Table 6 gives the CI results after 1S min
of time on-stream where we assume that the catalyst is in the
“coke-free” state. The conversions of n-hexane and 3-
methylpentane and their total conversion for Fe-SSZ-70 are
all much lower than those of Al-SSZ-70, which suggests that
the acid sites associated with framework Fe®" are weaker than
the acid sites associated with framework AI**. This result is also
evidenced by the high reaction temperature of 482 °C for Fe-
SSZ-70 versus 454 °C for Al-SSZ-70. The CI values are
essentially the same for both samples, indicating that the
differences in catalytic activity are not due to any differences in
the framework structure. The low CI value of about 1 for both
samples illustrates the dominance of the larger 12-MR cups
over the 10-MR pores in the SSZ-70 structure. The iC,/nC,
ratio can provide insight into the internal space that is available
for transition states from bimolecular cracking reactions. The
iC,/nC, ratio of 0.3 for the Fe-SSZ-70-catalyzed reaction may
result because at the very high temperature of 482 °C, the
reactivities of n-hexane and 3-methylpentane, as well as their
intermediates, do not differ significantly. However, the
reactivities of the feeds and their intermediates are more
sensitive to the strong acid sites of the more active Al-SSZ-70;
hence, the Al-SSZ-70-catalyzed reaction shows a much higher
iC,/nC, ratio.

Fe-SSZ-70 and Al-SSZ-70 loaded with 0.5 wt % Pd were also
tested for the hydrocracking—hydroisomerization of n-decane
(nCyp). In this test, the zeolites are evaluated for their
selectivity between cracking and isomerization as the temper-
ature and conversion increase. Figure 8a,b shows the
conversion or yield versus temperature for nC,, tests for Pd/
Fe-SSZ-70 and Pd/AI-SSZ-70, respectively. Conversion of
nC,, over Pd/Fe-SSZ-70 reaches a maximum of 85% at 371 °C
(which was the highest reaction temperature applied in this
study) with a total isomerization yield of 74%. Moreover, 64%
of the isomerization yield consisted of monobranched isomers,
indicating mostly single isomerization events. In contrast, even
though Pd/Al-SSZ-70 is more active (ie., leading to a higher
conversion at a lower temperature), it only reaches a maximum
of 48% total isomerization yield at 271 °C; 41% of the
isomerization yield is monobranched isomers. It is also
noteworthy that cracking dominates with Pd/AIl-SSZ-70 at
higher temperatures. Consistently, Al-SSZ-70 has a higher
activity in both CI and nC,; hydroconversion.

Table 6. Constraint Index Test Results for Fe-SSZ-70 and Al-SSZ-70

sample temperature (°C)  n-hexane conversion (%)  3-methylpentane conversion (%)  total feed conversion (%)  constraint Index  iC,/nC,
Fe-SSZ-70 482 8.9 8.4 8.6 1.1 0.3
Al-SSZ-70 454 74 73 74 1.0 3.8
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(We note that nearly all of the monobranched isomers were
methylnonane. Strictly speaking, monobranched isomers can
also include 3-ethyloctane, 4-ethyloctane, 4-propylheptane, and
4-isopropylheptane. However, we either saw an insignificant
amount or none of these compounds in the GC chromato-
grams.)

Figure 9a,b replots the data shown in Figure 8 as yield versus
conversion curves for Pd/Fe-SSZ-70 and Pd/AI-SSZ-70,
respectively. The results for the Pd/Fe-SSZ-70-catalyzed test
similarly show that most of the products are monobranched
isomers. Even at a conversion of 85%, the cracking yield is only
10%. On the other hand, the Pd/Al-SSZ-70-catalyzed test
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reaches a maximum total isomer yield of 49% at 85%
conversion and exhibited a cracking yield of 36%; cracking
yield rapidly increases at higher conversions.

The distribution of C,, isomers is shown in Figure 10. At
low conversions, Pd/Fe-SSZ-70 results in higher 4- and $-
methylnonane selectivity. These selectivities decrease as
conversion increases, and the relative amounts of 2- and 3-
methylnonane increase. In contrast, the isomer distribution
remains relatively constant for Pd/Al-SSZ-70. Claude and
Martens used a combination of experiments and molecular
modeling to study monobranching of n-alkanes on ZSM-22
and found that the isomer distribution can be explained by two
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types of adsorption: pore mouth and key lock.”* In pore-mouth
mode, one end of the hydrocarbon adsorbs into the mouth of
the zeolite pore and thus favors branching at the end of the
alkane chain. Central branching of the hydrocarbon occurs
during key lock mode, in which the two ends of the alkane
adsorb into different pores. In both cases, isomerization occurs
at or near the external surface of the zeolite. If such a
mechanism is used to explain the results shown in Figure 10,
Pd/Fe-SSZ-70 shows key lock mode adsorption at low
conversions and trends toward pore-mouth adsorption at
higher conversions. In contrast, Pd/Al-SSZ-70 exhibits pore-
mouth adsorption throughout the entire conversion range.
To further evaluate the catalyst, the Pd dispersions of Pd/
Fe-SSZ-70 and Pd/AI-SSZ-70 samples were measured by H,
chemisorption (Table 7). The strong dispersions associated

Table 7. Chemical and Pd Dispersion Properties of
Calcined and Pd-Loaded Fe-SSZ-70 and Al-SSZ-70

metal dispersion

Pd/ Pd content stron weak combined

sample M (wt %) (%) (%) (total; %)
Fe-SSZ-70 1cined —41  -03 —44
Pd/Fe-SSZ-70umea  0.17 0.65 31 383 69.4
ALSSZ-70_inea —09 —09 -18
Pd/ALSSZ-70.mea  0.12 0.45 99 226 325

“M = Fe or Al; Pd/M ratios are calculated from Pd, Al, and Fe wt %
measurements from ICP-AES.

with chemisorbed H, were 31.1 and 9.9% for Pd/Fe-SSZ-70
and Pd/Al-SSZ-70, respectively. (Weak dispersion is associated
with physisorbed H,, and the combined dispersion is the sum
of the strong and weak dispersions.) Although the target Pd
loading was 0.5 wt %, the actual Pd loading from ICP-AES
shows that the Fe-SSZ-70 has 44% more Pd than Al-SSZ-70.
Moreover, the atomic Pd/M ratio was 42% higher for Fe-SSZ-
70 than Al-SSZ-70. This may explain why the dispersion for Al-
SSZ-70 was lower than Fe-SSZ-70. Furthermore, Song et al.
found that extra-framework Fe** contributed to better Pt
dispersion in KL zeolite by adjusting the electronic states of
the Pt.> Although the noble metal is different in our Fe-SSZ-

70 system, it is possible that extra-framework Fe** may also be
a contributing factor to our Pd dispersion. Baseline H,
chemisorption measurements on the calcined samples (i.e.,
before Pd-exchange) were also carried out to ensure that
neither the Fe nor Al contributes to H, chemisorption. The
values of —4.1 and —0.9% for Fe-SSZ-70 and AIl-SSZ-70,
respectively, are relatively low and can be attributed to
analytical sensitivity and accuracy of the measurement; hence,
H, chemisorption is from the Pd alone.

4. DISCUSSION

4.1. Coordination Environment of Fe®*. Numerous
research groups have directly synthesized and tested Fe®'-
containing MCM-22,>%°7% and Fe3+-containing MCM-56°"
and SSZ-70>° have been made through post-synthetic
treatments. The former groups that incorporated Fe®* into
the MCM-22 framework during the synthesis showed that Fe**
was in the framework in the as-made materials. Most studies
saw evidence of partial removal of the Fe®* from the framework
upon calcination (Wu et al. did not clearly comment on the
Fe** after calcination).

In this study, the Mossbauer, EPR, and DRUV-vis
spectroscopy results all converge to the same general
conclusion as the studies referenced in the previous paragraph:
the Fe®* is tetrahedrally coordinated in the zeolite framework
of the as-made materials and some of the Fe’* become
octahedrally coordinated after calcination and are removed
from the framework. Qualitatively, this result is visible in
Figure 11. The as-made sample is a white powder, whereas the
calcined powder has a slight orange hue, which is typical of
extra-framework Fe,0;. Nonetheless, some of the Fe** does
remain in the framework after calcination, and this Fe* is
important for catalytic purposes. Several different calcination
protocols (e.g., varying temperature, gas environment, and
ozone treatments) were attempted to keep more of the Fe** in
the framework, but none were ultimately successful. Interest-
ingly, other studies on Fe-MWW have shown that higher
calcination temperatures may result in better catalytic activity
for certain applications.”®

Together with elemental analysis, TPD measurements
provide another method to indirectly probe the nature of the

(a)

(b)

Figure 11. Photographs of (a) as-made Fe-SSZ-70 and (b) calcined Fe-SSZ-70.
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Fe** after calcination; the results in Table 4 support the
conclusions stemming from the three spectroscopic methods
discussed above. The classical picture of Bronsted acid sites in
zeolites assumes that each framework heteroatom (Fe or Al) is
associated with one Bronsted acid site that results from a
proton attached to the bridging oxygen between Si—O—M,
while the positively charged proton balances the negative
charge on the framework from the M*" ion. Under this
assumption, the acid site density results suggest that half of the
Fe** becomes extra-framework after calcination of Fe-SSZ-70
because of the loss of acid sites associated with the presence of
extra-framework Fe®". In contrast, most of the A’* remains in
the framework after calcination of Al-SSZ-70.

These results lead to the question of why all of the Fe** is
difficult to keep in the framework after calcination. There are
numerous examples in the literature of other Fe*'-containing
zeolite frameworks that can retain the Fe’" to varying extents
after calcination. Pérez-Ramirez et al. studied as-made,
calcined, and steamed forms of Fe-beta and Fe-ZSM-5 and
found that extraction of the Fe** depends on the zeolite
framework.*” Lazar et al. determined that Fe>* was more stable
in framework positions in the ZSM-5 structure than in MCM-
22> One explanation is that some crystallographic site
locations of the Fe** in certain frameworks come under
more strain than others. Although the specific location of Fe®*
has been studied in other zeolite frameworks,” to the best of
our knowledge, there are no Fe’* siting studies in SSZ-70 or
any other members of the MWW family. Grosso-Giordano et
al. post-synthetically grafted Fe’" onto DZ-1, a delaminated
form of SSZ-70, and found that the Fe*" was located on the
external surface of the layers.”> Berkson et al. studied AI**
siting in SSZ-70 and found that 94% of the AI** is located at
the surfaces of the large pores of the layers.” The CI value of
1.1 for Fe-SSZ-70 (Table 6) is what would be expected for a
large-pore zeolite, which suggests that at least some of the Fe3*
in Fe-SSZ-70 is located in the large pores. However, without
knowing the precise location of the Fe’ in the SSZ-70
structure, any relationship between framework strain and the
stability of the Fe®* during calcination is mostly speculative.

Another DRUV—vis spectrum was measured on the
recovered Fe-SSZ-70 sample after the CI test to evaluate any
changes to the Fe’* during a catalytic test (Figure 7). The
broad shape of the spectrum after the CI test is consistent with
that of calcined Fe-SSZ-70, which was obtained before the CI
test. There is a slight red shift after the CI test between 200
and 300 nm, which suggests that some of the remaining
framework Fe®* may have been removed. Isopropylamine TPD
measurements on the recovered Fe-SSZ-70 reveal an acid site
density of 142 umol/g, which means that 79% of the acid sites
are still active after the CI test.

4.2. Catalysis. Catalytic testing results using n-decane show
that Fe-SSZ-70 preferentially catalyzes isomerization over-
cracking. Changing the heteroatom from Al to Fe in SSZ-70
leads to a discussion about the effects of (1) heteroatom type
and (2) the size of the pore systems in SSZ-70 (medium versus
large pores). The literature is full of examples showing that
these two physicochemical properties greatly contribute to the
catalytic performance of zeolites.

The results of the present Fe-SSZ-70 study show that
changing the heteroatom, and hence, the acid strength,
produces a material with isomerization selectivity approaching
that of a 1D, 10-MR.®* Indeed, previous reports on Fe’'-
substituted 1D, 10-MR zeolites, ZSM-22 and ZSM-23, showed

6474

that they had better alkane isomer selectivity than their Al**-
containing counterparts.”>~” The authors of these Fe-ZSM-22
and Fe-ZSM-23 studies generally attributed the better
performance to the weaker acidity of Fe over Al Previous
studies in the literature on hydrocracking and hydroisomeriza-
tion have also found that catalysts with weaker Bronsted acid
sites result in more isomerization.”**~”" Such results, however,
should be analyzed carefully. Noh et al. found that the intrinsic
acid site strength is difficult to decouple from diffusional and
constraint effects that result from proton reactivity, the zeolite
framework topology, crystal size, and acid site density.”” They
studied MFI zeolite with Al, Ga, Fe, and B by using a
combination of n-heptane tests and DFT, and they concluded
that secondary reactions that occur within the zeolite channels
may hide the true primary selectivity of an acid site between -
scission and isomerization. The intrinsic mechanism of
previously reported results in which stronger acids exhibit
more f-scission is hidden by the diffusional constraints
imposed upon the various transition states by the stronger
acids. Although the zeolite topology and crystal sizes of Fe-
SSZ-70 and Al-SSZ-70 are the same, diffusional effects are
more pronounced in medium-pore zeolites (those with 10-
MR) than large-pore zeolites (those with 12-MR 73 88770
contains 10-MR, 12-MR, and a partially blocked 14-MR, and
thus, a more rigorous mechanistic study is required to
understand the confluence of acid site strength and pore size
on the performances of this SSZ-70 system. Nonetheless, the
gross result of changing the heteroatom from Al to Fe in this
study causes SSZ-70 to become more selective for isomer-
ization.

The catalytic outcomes of this study challenge long-held
beliefs that the best isomerization zeolites for producing better-
performing fuels and base oils are 1D, 10-MR.>™* For the
reasons discussed in the introduction, most hydroisomerization
studies focus on medium-pore zeolites. Fe®* has been
substituted into the frameworks of other large-pore zeolites,
but these zeolites have been studied for other applications,
such as the selective catalytic reduction of NO,, methane to
methanol, and benzene to phenol.”> We are unaware of similar
studies of Fe3+-containing, 12-MR zeolites that show strong
alkane isomerization selectivity.

The unique structure of SSZ-70, combined with the
heteroatom type, may help explain the unusual catalytic
results. The relatively high external surface area of SSZ-70 and
the shallow 12-MR cups may favor isomerization on or near
the surface of the zeolite. Layered materials, such as SSZ-70,
typically have higher external surface areas than standard
zeolites of similar crystal sizes. Zeolites with high external
surface area, such as nanozeolites, have been shown to favor
pore-mouth catalysis in hydroisomerization.”* Moreover, the
12-MR side pockets on the surface of the SSZ-70 crystals may
be shallow enough for linear alkanes to isomerize to
monobranched isomers without forming multibranched or
cracked products before diffusing away from the zeolite, a sort
of “pseudo-” pore-mouth catalysis. This may be especially true
for Fe-SSZ-70, which has high selectivity for monobranched
isomers (Figures 8—10). These morphological considerations,
combined with the weaker acidity of Fe’*, may explain the high
isomerization selectivity of large-pore Fe-SSZ-70. Indeed,
Mehla et al. studied a series of large-pore, Al**-containing,
ZSM-12 zeolites and found that those with weaker acidity and
higher external surface area favored isomerization over
cracking in hydroisomerization reactions using n-hexadecane
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as a model feed.”" However, as noted above by Noh et al,
diffusional effects must be dissociated from intrinsic acid
strength when studying these zeolites to obtain a true
understanding of how Fe affects selectivity between isomer-
ization and cracking.

Finally, as previously discussed, the tetrahedral site locations
of the Fe®* in the SSZ-70 framework are unknown.
Determination of this information would lead to a better
understanding of which pore system in the SSZ-70 framework
is catalyzing the reaction. If Fe** is solely in the 10-MR, then
Fe-SSZ-70 could be acting as a 1D, 10-MR. On the other hand,
if Fe is in the 12 and/or 14-MR, these catalytic results are
certainly unusual for a large-pore zeolite. The low CI value
(Table 6) resembles the behavior of a large-pore zeolite and
suggests that the location of the Fe is not limited to the 10-
MR.

5. CONCLUSIONS

While most studies use 1D, 10-MR zeolites for hydro-
isomerization, this report shows that heteroatom type (or
acid strength), framework, and crystal morphology may also
influence product selectivity. Besides being a scientific
curiosity, the use of a large-pore zeolite for hydroisomerization
may have practical benefits. These materials could be
advantageous for feeds with a high wax content, as the larger
pores and high external surface areas may be able to better
process larger molecules. In addition, other large-pore zeolites
may produce similar, or even better, results. Screening a set of
other large-pore materials could shed light on what structural
or chemical features of this Fe-SSZ-70 system are particularly
useful for isomerization. We are continuing to study other Fe-
containing zeolites to better understand the confluence of
likely intertwined factors, such as pore structure, acid strength,
and transport limitations, and we anticipate publishing these
results in future papers.

Fe-SSZ-70 was synthesized in both hydroxide and fluoride
media using two different SDAs. Mossbauer, EPR, and
DRUV—vis spectroscopies all show that Fe®" is tetrahedrally
coordinated in as-made Fe-SSZ-70. After calcination, some of
the Fe* is retained in the framework, as evidenced through
EPR and DRUV-—vis spectroscopies, TPD, and CI and n-
decane testing. Compared to AI-SSZ-70, Fe-SSZ-70 exhibits
surprisingly strong isomerization selectivity, especially for
monobranched isomers. These results are particularly notable
given that SSZ-70 contains 12-MR and partially blocked 14-
MR.
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