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ABSTRACT

Ferrierite zeolite crygls were successfully prepared by a loagine as 1,8
diaminoctane (DAO) as organic structure directing agdBy comparison, shorter
amine, i.e. ethylenediamine (EN), was also used as OSDA. Results shows that the
presence of DAO reduces the crystallization time and allows to obtain singktypER
crystlas with smaller size and higher acidity, being thegeificantparametergo take

into account when zeolites are applied in catalysis. The obtained samples were
characterized with XRD, TG/DTA, SEM, Mdsoprtion/desorption, FTIR antAl-

NMR. In particular, TGA clearly shows that DAO may be accommodate in zeolite
framework andheoreticalmodeling suggests a prefet&l location inthe 10-MR ring

channels.

Keywords: Ferierite, zeolite synthesis],8-diaminooctane BrenstedLewis acidity,

FT-IR, DFT calculation,
1. INTRODUCTION

The possibility of preparingeolites with tailored physicochemical properties by both in
situ and possynthesis treatments is of considerable importance for the industrial
perspective, particularly in the area of heterogeneous catalysis where zeolites are widely
used[1-6]. In fact, the suitability of zeolite for specific applications, such as catalysis,
strongly depend on several factor such as zeolite structure (i.e. size, shape and
orientation of the channeldjs chemical composition, acidity and crystal morphology.

At moment, nore than 240 zeolite framework types are known and most of them are not

currently applied in industrial processes due to both costs and performances aspects, and
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very few zeolite structures have found significant catalytic application in petrochemical
and refining industries. FAU (X and Y), MFI (ZSM and Silicalitel), MOR, BEA
(beta), MWW (MCM22), AEL (SAPQ11) and CHA (SAPEB4) are examples of

zeolite structures currently used in industrial catalysis.

Ferrierite (FER) is another zeolite structure thas or may have some importance for
industrial applications. FER framework consists of an intersecthuym2nsional
system of 10 (5.4 x 4.2 A) and 8(4.8 x 3.5 A) member ring channels and can by
synthesised with Si/Al ratios ranging from 5 to infini§, [9. The particular channel
configuration of FER framework is appropriate for processing small moleduies.
instance, FERype zeolite is mainly applied as catalyst in the skeletal isomerization of
n-butene for the production of idmitene and as adilié to ZSM5 catalyst in the
dewaxing by selective cracking process for the production of lubridé@htRecently,
FER-type crystals havalsoranked as &ighly performingcatalyst for dimethyl ether
(DME) production via both methanol dehydration reactend ongot CO or CQ
hydrogenation, if compared with other zeolite structures such as MFI, BEA, MOR,
CHA, MTW andTON [11-14]; the superiaty of ferrierite overthe traditional catalyst

for DME synthesis, i.e.-Al 03, was also reported [15].

Ferrierie can be synthesized combining both" idad K cations[16]. However, it is

usually obtained from sodium and OSDA containing systems which give more
flexibility in the control of the physicochemical properties of the ultimate product.

Amines are often useas OSDA in the synthesis of FERF\SH PDWHULDOV *|+HED
al. [17] reported a study on crystallization field and rate in presence of pyrrolidine or
ethylenediamine in the synthesis temperature range2250°C, founding a strong

dependence of crystalhtion rate from temperature, whereas both,@ilR0; ratio (in
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the range 1425) and OSDA amount did not significantly influence the crystallization
rate. On the contrary, OSDAffected crystal morphology: individual or platelet
crystallites were obtained in presence of pyrrolidine or ethylenediamine, respectively.
Furthermore, the authors even found mordenite as competitive phase only when

pyrrolidine is used as OSDA.

Kamimura et al. [9] reported the synthesis of ferrierite in presence of pyridine as
OSDA, obtaining weldefined platdike crystals with a Sig@Al, O3 up to 324. In
particular, the synthesis of pure siliceous ferrierite was successful in presence of sodium
fluoride. Aluminium-free ferrierite was also obtained in presence of ethylediamine as

OSDA and boric acid as templates [18].

On the contrary, Forbes et al. [19] reported that, using diethanolamine as OSDA, pure
phase ferrierite crystals may be obtained only iramaw Si/Al ratio. In particular, the
authors found that by increasing the 8&0,03; from 16 to about 25, a ferrierite/ZSbl

mixed phase was obtained.

OSDA type as well as synthesis environment also affects the morphology and the size
of the final crystss. In this concern, Rakozy et al. [20, 21] report the synthesis-of all
silica large FERype crystals by using unbranched monoalkyl@3amines in mixture

with pyridine, showing the possibility to tune the shape and size of obtained crystals. In
particulr, by increasing the number of carbon atoms of the amine, the crystal shape

changed from hexagonal to rectangular flat prismatic morphology.

Lee et al. [22] successfully synthesised ferrierite zeolite hanoneedles about 10 nm in
diameter and 100 nm in Igth. The success of the synthesis strongly depends on both

Si/Al ratio and ion types. In particular, the authors obtained high pure ferrierite by
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adopting a Si/Al=20 in presence of Na+, while mixed or amorphous phases were
obtained for lower or higher alimum content and using other ion types (e.g, K",

Rb’, CS).

The effect of organic solvent such as triethylamine, tetra diethylene glycole,
dimethylsulfoxide, lutidine and mineral oil on the shape and size of final crystals from

nonaqueous synttses was also deeply investigated [23].

Pinar et al. assert that the choice of organic template molecules (OSDA) ityp&ER
materials is of paramount importance for aluminium distribution and incorporation [23],
affecting acid sites distribution, locati, and accessibility [24]. The authors synthesised
ferrierite crystals with a Si/Al ratio of about 15 starting from a sodirga gels in
fluoride media by using some specific combinations of tetramethylammonium (TMA),
pyrrolidine and benzylmethylpyrrolidium (bmp), founding that the acid sites
distribution between the ferrierite cage accessible to throtgR 8vindow and the 1.0

MR pores depend on the OSDA mixture composition. In particular, the accessibility to
Bronsted sites is higher when TMA/bmp or AKyrrolidine mixture are used
respected to alone pyrrolidine with a direct effect on catalysis. Therefore, the already
published studies highlighted the possibility to obtain tailored ferrierite crystals by
choosing proper SDAs and synthesis conditiorith) an effective control of both acid

properties and crystal morphology.

In this paper, FERype crystals were synthesized by using a long amine as 1,8
diaminooctane as OSDA. This molecule is usually used for the synthesis of MEL, TON
and ZSM48 zeolites.In the case of MEL and TON zeolite, the success of the
crystallization of the desired phase strongly depends on the stirring condition: static or

high-speed agitation condition lead to the selective formation of high pure MEL or TON
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phase, respectively [RPSCrystallization with stirring is also required for the synthesis of

ZSM-48 [26].

To the best of our knowledge, there has been no report on the synthesis of ferrierite by
using 1,8diaminoctane as OSDA. In this work the crystallization of ferrierite in
presence of 1;8iaminioctane is carried out with the aim to assess the effect of this
molecule on physicahemical properties of obtained materials. Furthermore, in order to
have new insights about the role of amine molecule length,-tiEdR zeolite with

ethylenediammine as OSDA was also prepared for comparison.

TG/DTA analysis allowed to assess the interaction between the OSDA and zeolite
framework whilst DFT calculations gave information about molecules location.
Bronsted/Lewis acid sites distributiondanoncentration of synthesised materials have
been investigated with NHTPD and FTIR of several adsorbed probe molecules while
morphology and crystallinity has been analysed by scanning electron microscopy and
powder XRD, respectively. Finally, DFT calations allowed validate the experimental

evidences.

2. EXPERIMENTAL

2.1 Samples preparation

The following chemicals were used afl the synthesis: colloidal silica Ludox A&
(SiO,, 40 wt% suspension in B, Aldrich), sodium aluminate (NaAlQ Aldrich),
sodium hydroxide (pellets, Aldrich)ethylenediamine(Fluka), 1,8-diaminooctane

(Aldrich), and distilled water.
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Synthesis of FER sample by using ethglédiamine En-FER) was prepared by adopting

the following synthesis gel molar compositi@8]:
19.7En +1.85 NaO +15.2 SiQ *1 Al,0O3 £590 HO

In a typical synthesis 0.3 g of NaOH and 1.3 g of sodium aluminate were dissolved in
64.1 g of distilled water. Then 8.2 g of ethylenediamine were added to dropwise and the
solution was stirred for 30 min. Afterwards 15.8 g of colloidal silica were added
dropwise to thesolution and the obtained gel was stirred (300 rpm) at room
temperature for 1 h. Crystallization was carried out in 120staihlesssteel Teflon

coated autoclavep to12 days at 180 °C in a tumbling oven (rotation speed: 15 rpm).

The poential role of 1,8diaminooctaneas OSDA wasinvestigatedby gradually
replacingEn with DAO, starting from the BFER (i.e. DAO free) synthesis gétER
type crystalsvere obtained from synthesis geéth different DAO/En molarratio: 0.25,

0.5, 1, 2 and (i.e. Enfree),by usingthe following molar gel composition

x DAO +1.85 NaO #15.2 SiQ #1 Al;03 H£90 HO +y En
with 5<x<10 and 0¥<19.7.
In the synthesis dDAO-FERonly DAO was useds SDA.For thislatter synthesis(.3
g of NaOH and 1.3 g adodium aluminate were dissolved in 21 g of distilled water. A
secondary solution was prepared by dissolving 7.8 g of DAO into 42 g of distilled
water, under vigorous stirring. Afterwards, the two solutions were blended and 15.8 g of
colloidal silica were dded dropwis@nd the obtained gel was stirred (300 rpm) at room
temperature for 1 h. Crystallization was carried out in 120 ml staistest Teflon

coated autoclave up to 12 days at 180 °C in a tumbling oven (rotation speed: 15 rpm).
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After crystallizaton, the solid was separated by vacuum filtration and washed several
times with distilled water until the pH of filtered solution was close to the neutral value.
The obtained white solid was then dried for 15 hours in a static oven kept at 80 °C. In
orderto remove template from zeolite, dliow calcination was carried out at 550 °C
with an holding time of 8 hourand a heating rate of 2 °C/miAfterwards, Hform

solid was obtained by ieexchange with a NKCI 1 M solution at 80 °C followed by a
secondanair-flow calcination at 550 °C with an holding time of 8 hours and a heating
rate of 2 °C/min [9].

2.2Physicochemical characterization

X-5D\ SRZGHU GLIIUDFWLRQ $3° 3 skep 0.02YBWRsQ  f
usedto verify both purity anccrystallinity of obtained phaséhe morphology of the
crystalline phase was observed on a scanning electron microscope (SEM, FEI model
Inspect) and a transmission electmmicroscopy (TEM, Philips CM12)The sodium,
aluminum and silicon content in the cialed catalysts was measured by atomic
absorptiorspectroscopyGBC 932 AA).

The specific surface area and the micropores volume otdlened samplesvere
obtainedfrom BET and tplot analysis of porosimetry data (ASAP 2020 Micromeritics)
under nitrogeradsorption at196 °C after a preareatment in vacuum at 200°C for 12 h.
Thethermoagravimetric analysis over thessynthesised samplegasperformed on the
automatic TG/DTA instrument (Shimadzu) under 50 cc/min of air flowthe
temperature range 2550°C (heating rate of 5 °C-mif).

Solid-state magic angle spinning nuclear magnetic resonance spectroscopy (MAS
NMR) was used to characterize the lo€#l environment in the zeolite samples. All

data were recorded on a Bruker Advance 500 MHZ spectromsiteg a 4.0 mm rotors.
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The ?’AI-NMR spectra were acquired at 130.3 MHz wigldiofrequency poweof 54
kHz,a SXOVH OHQJWK RI —V ZLWK D FRdssHWB BQMIGLQJ D Q.
at 14 kHz and the recycle delay used for both nuclei was trskc

Surface acidityof H-form samplewas measured by NHIPD analysis (TPDR0O1100,
ThermoFisher) according to the following procedure. Dried sample (100 mg, pellet
mesh 90150 um) was loaded in a linear quartz miceactor and préreated at 300°C

in helium flow for 1 h to remove adsorbed water. The sample was cooled down to
150°C and saturated with 10% v/v jHe mixture withaflow rate of 20 STP mL-min

! for 2 h. Ammonia physically adsorbed was removed by purging in helium at 150°C for
1 h until TCD baseline stabilization. Desorption measurement was carried out in the
temperature range of 1@5C°C (10 °C-min') using a helium flow rate of 20 STP
mL-min™.

Bronsted and Lewis acid sites concentration maasurediia FT-IR analysis by using

D3 acetonirile as a probe molecule. Infrared spectra were recorded with a Bruker
Equinox 55 spectrometer. The adsorption af &etonitrile was performed at room
temperature with a pressure of 10 Taifter that thesamplesvere degasseahder high
vacuum conditia (cell pressure: 18 Torr) at 300°C for 4 h, in order to purge adsorbed
water. Physisorbed acetonitrile was removed by further degassing until the vacuum
condition was recoveredhe FFIR spectra were recorded in the temperature range 25
300 °C (temper&ure step of 50°¢, outgassing the sample for 30 minutes at any
temperature variation.

The amount of b acetontrile adsorbed on Brgnsted and Lewis was determined by
using a literature value for thenolar absorption coefficient3Q]. The number of

Brenstedsites was calculated from the area of the bands observed at 229Bycm



205 adopting an extinction coefficient of 2.05 cm/umol, whilst the number of Lewis acid
206 sites was calculateftom thearea of the bands between 232825 cm® by adopting an
207 extinction fator of 3.6 cm/umol. Peaks analysis and deconvolutiomdtin FT IR and

208 NH3-TPD profiles were performed by using commercial software (PeakFit 4.12,
209 SeasolveUSA).

210

211 3. RESULTS AND DISCUSSION
212  3.1Structural propertie®f FERtypezeolites synthesized witHifferentOSDA

213 X-ray patternsas a function of crystallization time d&n-FER and DAOFER are

214  reported inFigure 1.Crystal growth kineticef En-FER is relativelyslow (see Figure 1

215 A) astraces of FER phasare observed after 3 days and after 6 d#yescrystalline

216 phase is dominan® crystallization time of 10 days can be considered as optimal to
217 obtain high crystallinden-FER since for longer time(12 days, tracesof kaetite phase

218 appear.Figure 1B reports the XRD patters as a function of crystation time for

219 DAO-FER sample. Results show that En replacing with DAO speeds the crystallization.
220 In fact, after 3 days FERhase is almost completely crystallized whilst only traces of
221 crystalline product are observed for-EER after the same synthesperiod. That

222 evidence suggests that in presence of DAO, the induction period is shortened, even

223 reducing the crystal size as discussed later.

224 Because DAOwas neverreportedas a templatein FER zeolite synthesis, a deeper
225 investigation by TG/DTAanalysisof assynthesised materialwas performed The

226 thermeganalytic result®f DAO-containing systems are reported in Figurea2erms of

10



227 thermogravimetric (TG) and first derivate (dTG) profileleat flow profiles (DTA) are

228 reported in Figure $%.(Supporting Information).

229 From the analysis of théTG profiles it can bedeductedhat 1,8-diaminooctanamight
230 plays the role of template for FER structutta.fact,dTG profile of DAO-free sample
231 (EnFER, Figure2A) shows the presence of four main pef®&. The endothermic
232 peak(see Figure 3A) at ca. 73 °C isttributed to waterelease anthe corresponding
233 weight lossfor En-FER was of ca2 wt%. In addition,En-FER sample contairsbout
234 11 wt% of ethylendiamminereleased in the temperature range -ZB0 °C. The
235 associated exothermpghenomendseeDTA profile reported irFigure S1A) arerelated
236 to theorganiccombustion. It is evident from Figudé\, that at leastour different dTG
237 peaks can be associatedetbylenediaminadecomposition (249°C302 °C,420 °C and
238 605 °C), indicating the presence of different interactions between OSDA and zeolite
239 framework.As theDAO/En ratio increasesrom O to 0.5 or 1 @ effect ofa shift toward
240 low temperaturess observedor thesedTG peak. If the peak oEn-FER at 420° C is
241 considered, it clearly appears thatiéicreasedownto 366 °Cand352 °C(Figures 2B
242 C) when theDAO/En ratio is increasedo 0.5 or 1, respectivelyAlso, dTG profile
243 reported in Figure 2C showsaththe interaction betweerthylenediaminend zeolite
244  frameworkcharacterised by thiewesttemperature decomposition (around 249°C for
245 EnFER) tends to disappear when DAQO progressively repldeesas OSDA 1t is
246  worthy to clarify that this effect it isat attributableto lower amount oEn in synthesis
247 gel because thefG/dTG profile of aDAO-free FER synthesised with the same
248  ethylenediamineontentof the sample with DA@n=2 (i.e. En/Al,=5) shows the same
249 peaks of theEn-FER ENAI,=19.7), as reportedn Figure S2 of Supporting

250 information. This resultsuggests that the amountethylediamine in the synthesis gel

11



251 slightly affecs its incorporation and the changing of dTG profitkat are, on the
252 contrary, mainly affected by the preserafeDAO in thesynthesis gel and then in the
253 zeolite structureThe effect of theonly DAO in the FERsynthesids shownin Figure
254  2.D, where themain exothermicpedk at 348 °C can banequivocallyattributedto 1,8
255 diaminooctanecombustion.The weight losgdue toorganic molecules decomposition,
256 measured in the temperature range-850 °Cdecreases from ca. 11 wt% to ca. 7 wt%
257 whenthe DAOEN ratioincreasesl UR P MsBectivelyOn the contrary, the weight
258 loss between 25 and 200 °C, attributed to phylyicadsorbed wateincrease from 2
259 wt% to 5 wt % by increasing the DABEA UDWLR IURP WR ' UHVSHFWLYH
260 that the presence df,8-diaminooctanealso promotes thewater incorporationEven
261 though he role and the location of DAO moleculssnot fully elucidated yetwe
262 anticipatethat DAO moleculesarelocated inside the 10 MR of FER structsiace the

263 8 MR channel is too small to accommodate them

264  FigureS.3shows thé’Al MAS NMR spectra of the Horm FERtype zeolitesvith En
265 or DAO as OSDA They are dominated by a signal centeredamtund 55 ppm,
266 characteristic of tetraoordinatedaluminium speciesin zeolite framework. Abroad
267 signal at around O ppm revealitige presence of octahedral exframeworkaluminium
268 (about10%) for both the amples The observed quadrupolar liloadening can be

269 caused by distortions of the octahedral symmetry ofAl@s.

270 It is well-known thatthe zeolite structure is generated by a network of ;i@ AlO 4

271 tetrahedralinked together by a shared oxygatom. Dueto the presence of trivalent

272 atoms (e.g. aluminium) in the tetrahedral units, the framework offers a negative charge
273 which needs to be balanced with Abamework exchangeable cations that are

274 generally elements of the group IA and group IIA adigm, potassium, magnesium

12
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and calcium. In this work, sodium is used to synthesise-fyp® materialsand this is
the cation thatbalance negative charges associatasdith aluminium atoms
Furthermore, the higlguantity of tetrahedral aluminium species detected by NMR
analysis, suggests that the Na/Al ratio shouldhieereticallyaround oneThe chemical
analysis reported in Table 1 shows that Na/AD.86 for En-FER and 0.6 for DAO
FER. These results disagree with theeyious theoretical assumption, suggesting that
sodium cations do not balance an important amount of aluminium species in tetrahedral
position expecially Vuono et al. 1] reported a Na/Al ratiovalue below to unity
(around 0.6¥or MCM-49 materials syn#sised inthe presence of hexamstlenimine
despite aluminium was mainly tetcaordinatedas in our caserorbes et al.32, 33]
report that during the synthesis of ZSWThetal materiab in the presence of
diethanolammingthe organic moleculewere considered to have both a pdiléng

role and charge compensatory roleurthermore, Rollmann et al34] assert that
protonated aminee(g. ethylamine, pyrroliding hexamethylenimineplay the role as
counter ionof negative charge associatedtétrah&ral aluminium atomsocated into
zeolite framework, also for FEBpe materials. Therefore, because in this work,
aluminium atoms are mainly present in tetrahedral coordination, protonated organic
molecules ca be reasonably present to compensate negeliasge of zeolite lattice
Therefore, theoretically the (OSDANa”/AIO, molar ration should be about one in
order to have the balance of aluminium negative charge. In this régargpssible to
calculate the unit cell molar composition for-EBR aml DAO-FER, respectively, as it

follows:

En-FER: En39N802A| 388|32207228 Hzo

DAO-FER: DAOlO N828A| 47SI31307278 Hzo

13
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Results clearly show thathylenediamine is able to compensate the aluminium negative
charge of zeolite framework since 'BAlO, molar ration isnearoneand a negligible
sodium amount is incorporate@n the contrary,1,8-diaminooctane is not able to
compensate all of the aluminium negative charge and a higher amount of sodium is
incorporated. Moreover, in order to respect tleetebneutrality of the framework, one
DAO molecule should be able to compensate two aluminium negative chdnge
condition may be obtained if both the amino groups of DAO molecules are protonated
and able to compensate two different aluminium negatmagge.This statement is also

confirmed by DFTtheoreticalstudy later reported.

The results of Nadsorptioranalysisare summarized in Table En-FER sample shows
a slightly higher micropore volume than DARER sampleThis difference may be

related o the sodium content.

Figure 3 showsthe adsorption/desorption isotherms of synthesised samples in protonic
form. Both ERFER and DAGFER sample exhibit a typeadsorptionsotherms typical

of microporous materials 8 but some differences may be highlighted. In fact, for En
FER sample an uptake increase is observed at P/P°>0.9, that is less evident for DAO
FER sampleThis isotherm shapef En-FER may indicate the presence of external

mesoporesuk to agglomeration airystals, as also revealed by SEM.

Figure4 shows epresentative SEM micrograpteveailingthat allsamplesexhibit the
typical of ferrierite plat-like morphology with a weltdleveloped { 0 G. However,the
crystals differ insize andhe level of aggimeration TheEn-FER crystals (Figure/)
have the following characteristicéeength 23 um, length/widthratio around 2 and
thickness 100 npwhile DAO as OSDA generatesmaller crystals with sizbelow 1

pum and lower length/width ratio (around 1.3)s showed by XRD analysis, a higher

14
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crystallization rate is observédr DAO-FER sample, that may cause tftormation of
smaller crystalsMoreover, a significant agglomeration is observed foiHER sample,

while single crystal is obtained in presenc®aO.
3.2 Zeolite acidity

The NH-TPD profiles are reported ifrigure 5 for all the synthesisedsamples
displayingthree main peaks characterised by different ammonia maximum desorption
temperatures peaks Y asanindicator ofdifferent acid sites familythe higheris Ty,

thestrongetis theacid site}.

As suggestedby Niwa and Katada3p, 36], the interpretation of peakvith Ty<300 °C

may be quite misleadingincethe desorption effect maglso berelated to physically

adsrbed ammonianteracting via ahydrogen bonadvith the NH;" ions adsorbed onto

acid sites. In this conditiomaving comparable desorption enertiye presence of weak

acid sitesmay be partially hidden by physisorbed ammo@ia the contrary, the peaks

with 300°CIy<500 °Care associatedith ammonia molecules desorbed from strong

acid sites (both Bregnsted and Lewis acitesi The peak withTy>700 °C can be

associated to @hydroxylation phenomengB7, 38] sinceit is detected eithem NHs-

TPD experimatsor LQ WKH FRUUHVSRQGLQJ (EODQNvert8 H[SHULP

same catalyst and under the same experimental condittdheut NH; feed

Quantitative results of NHTPD measurements reported in Tabl®©20-FER sample
exhibits a higher total acid sites concentration according to the higher aluminium
content measured by atomic absorption technique. {IPER also shows a high&g ur

indicating a major strength of acid sit€such aspect may be related tarinium
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367

distribution and location and further investigati@m®uld bedone in order to elucidate

the role of OSDA on the aluminium siting9, 40].

Figure6 depictsthe FT-IR spectra of Herrierite samples before and after adsorption of
deuteratedacetonitrile Fore bare samplesy® main bands observed at 3745 tand

3600 cnt" areassociateavith terminal silanol SOH and Bransted acid sitég-OH-Si

groups, respectivelj4l, 42]. A shoulder at around 3645 ¢hnis alsopresent Similar
resultwas reported alread|28, 43], but the peakis not wellidentified Peixoto et al.

[44] suppose that the observed shoulder can be associated to a silanol group anchored
on extraframework aluminium species (e.Qctahedral aluminiujnasreportedalso by
Rachwalik et al.45] even though in the investigated samplN®R analysis suggest

that octahedral aluminium species agarlyabsent. It is known fro the literature that
aluminium in highly distorted coordination might become NMR sitamt he observed

band at 3645 cihcan be associated to OH grougmsinected to the so callgdLQ YLV LEOH |
aluminium specieg46, 47] that can play a role of Lewis acid Stf48, 49]. The
presence of these speciesuld explain thenonstoichiometricNa/Al ratio discussed

above.

After adsorption of CBCN, two main bands at about 2296 tmnd 2322 cril appear,
revealing the presence of both Brgnsted and Lewis acid sites, respectively, in boith cthe
samples. Smaller bands at lower wave length associated withsqiiesi acetonitrile

are also presents8(Q]. The concentration of Brgnsted and Lewis sites were obtained
from the integral intensities of the IR bands of adsorbegdBDat 2296 cnf and 2322

cm?, respectively, by using the extinction factor coefficientsoreed in Section 2.

Bragnsted and Lewis site distribution of the investigated samples was calculated from the
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389

390

area of bands recorded at 25; °koth the samples exhibits a significant amount

(asround 40 %) of Lewis acid sites.

In order to estimate the stigth of Brgnsted and Lewis acid sil#3D measurements
were carried ouin the range 2800 °C Figure 7 shows both the HR profiles and
the fraction of Brgnsted and Lewis acid sites free of adsorl€N Dnolecules as a

function of desorption temperaeu.

The set of datshow thatLewis acid sites are stronger than Brgdsiaesfor all the
samples The desorptionof Brgnsted sitebecomes significant above 150%ile the
Lewis sites are still occupied above 3001 particular,the desorptiorof acetonitrile
moleculesstartsat 50 °C and no occupied sites are present above°@5for both the
samples, indicating a similar strength distribution. On the conttiaeydesorption of
probe molecules from Lewis acid sites starts above 25 °C an@iCL&r EnFER and
DAO-FER, respectively. This result indicates thatlER possesses weaker Lewis acid
sites than DAGFER. By considering as strong Lewis acid sifesction, the valuef
Lewis acid sites stilbccupiedby CD3;CN molecules at 300 °C, it is possible to calculate
the fraction of strong Lewis sites reported imable 2 (last columip. DAO-FER
possessea higheramount of strong Lewis acid sites than-HER, indicatingthat the

synthesis system affesdboth typology ad strength of acid sites.
3.3 DTF calculations

As previously discussed,8-diaminooctanavasneverreportel asatemplate forFER-
type structureto the best of our knowledg®ur data unambiguousghow that DAO is
incorporated in FER channels afndfil the function of OSDA and charge balancing

cation similarly to the other nitrogeBDA. This aspect was also addressed from a
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414

theoretical point of view, by performing a DFT simulatfon the investigated systems.

In this regard, zeolite is considdras an infinite crystal and dispersion corrections are
used in order to take into account confinement effects. Both binding energies and length
of H(SDA)---O(FER) hydrogenbonds are reported in Tabl®@ and the optimized

strucures are displayed in Figuge

The binding of both En and DAOwith the 10 MR pore walls of zeolite are
thermodynamically favoured (i.e. negative binding energies are calculated) suggesting
that SDAs bind though hydrogdrond formations with the lattice of zeolitén
particular, thestrong interaction energy calculated for-EBR system may be attributed

to the short hydrogen bond lengths, that are also almost linear and therefore stronger

than the other systems

Similarly, DAO is stabilized in FER cavity via several short and lin¢at---O(ZEO)
H-bonds, which explains, also ithis case, the computed strongeraction energy with

pore walls of FER zeolite. Furthermore, the computed dispersion energies for all the
systems is about 0.3% to the total energy, indicating that the is rngarticular
stabilization of SDA molecules due to the attractive dispersion interactions or
confinement effectConcerning DAGFER systemDFT calculations suggest that DAO
molecules may be located in 10 MR channels of FER zeolite and that the formation of
H-bond is the driving force for the stabilization of the molesuwithin the voids of
zeolite Theseresults are in agreement withe chemical analysis. In fact, in the case of
En, SDA molecules are protonated and they are able to compensate the negative charge
of aluminium located in both 8 MR and 10 MR channels, and therefore, a low amount
of sodium is required. On the contrary, if thecommodation ofrotonatedSDA

molecules within 8 MR channels is difficult, as in the case of DAO, more sodium is
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required for compensating negative charge inside 8 MR chanie$sconclusion isn

agreement witpreviousstudies on ferrierite50, 51].

4. CONCLUSIONS

In this work, for the first time,FER-type crystals were successfulbynthesisedy

using 1,8diaminooctane (DAO) as organic structure directing ag@&AO-FER
sample) The obtained results in terms of crystals morphology and aciditg wer
discussed by taking FER zeolite prepared with ethylenediamine as ref@EreER
sample) XRD analysis suggests that the presence of DAO reduces the induction time
respect to ethylenediamine, leading to the formation of smaller crysithisa lower
agglomeration TG/DTA clearly indicates the presence of DAO inside the cavity of
zeolite, whilst chemical analysis suggest thaittonatedDAO is able to balance Al
charge of the framework along 10 MR channels, while sodium shall be incorporated
along the 8 MR. On the contrary, a negligible amount of sodium is requested in the case
of ethylenediamine. In fact, DFT simulations show that DAO may be incorporated
along he 10 MR only, whilst ethylenediamirise able to balance the charges of Al
centres aing both 8 and 10 MR channels. Furthermoreigher amount of aluminium

is incorporated when DAO is used as OSDA leading to a higher total acidityr FT
measurements real that both DA®© and ERFER samples possess a high amount of

Lewis acid sites (about 40%)at are stronger for DAGER sample.

The obtained results show the possibility to control the physicochemical properties of
zeolite crystals by selecting the typé structure directing agernéading totailored

mateials for specific applications, e.g. heterogeneous catalysis.
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530 TABLES CAPTIONS

531 Tablel Chemical composition, pore volume and surfacksmracteristics of
532 synthesisedrER-type materials.

533 Table 2 Acidic properties of investaged catalysts.

534 Table 3 Calculated binding energies and lengths for the investigated IR
535 systems from DFT simulation
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FIGURES CAPTIONS

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

XRD pattern of FER samples synthesized veithylenediaminend 1,8

diaminooctan€DAO). (*) indicatesthe presence of Kaetite phase.

TGA (continuous line) andiTG (dashed line) data of FER samples

synthesised wittbAO/En=0 (A), DAO/En=0.5 (B), DAO/En=2 (C) and

'$2 (Q °

N, adsorption (closed circle) and desorption (open circle) isotherms at 77

of EnFER and DAGFER samples.

SEM micrographs of FERype materials synthesised with
ethylenediammine and t@aminooctane.

NH3-TPD profiles ofEnrFERandDAO-FER samples.

FT-IR spectra of of EFERand DAGFER samplesfter evacuation at

300 °C for 4h (a) and after adoption@D3;CN moleculest 25°C (b).

All the spectra are recorded at®lrr.

FT-IR spectra of B-acetonitrile adsorbed on HfER (A), and DAG

FER (B) evacuated at 25 °C (a), 50 °C (b), 100 °C (c), 150 °C (d), 200
°C (e), 250 °C (f) and 300 °C (g)UDFWLRQ RI %U{iQVWHG "
acid sites free of adsorbeds®N molecules as a fation of desgption
temperature foEn-FER (Afand DAOGFER(%)1

DFT optimized crystal structures of FER with SDA molecules. SDA in
10 MR and in 8 MR are shown in the top and down panels, respectively,
in Figs. a, b, c. Optimized unit cells structures oérgvFERSDA are

displaced at the leftide and 2x2x2 cellsat the right side in Figs. a, b, ¢
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562

563

564

565

and d. The dashed lines indicate all theBERQGV ”

c

7TKH OHQJWK

the shorter and linear -Honds bellow 2.5 A are reported in Table X.

Atomic colaur code:dark blue for Si; red for O; light blue for Al3black

for C, violet for N, grey for H and yellow for Na.
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SAMPLE EnrFER DAO-FER

Na/Alpy? [mol/mol]  0.06 0.60

Si/Alpyk® [mol/mol] 8.4 6.6
Sger” [m?q] 329 287
Vimic® [em*/g] 0.131 0.125

 Atomic absorption
® BET superficial area

“Micropore volume calculated kiyplot method

Tablel



En-FER DAO-FER

NHs-uptake
1052 1418
[Mmol/gcaq
Tmor?
245 231
[°C]
X1 P 0.30 0.40
Tt
436 455
[°C]
N 0.70 0.60
Lewis acid sites
0.41 0.40
[%0]
Strong Lewisacid sites
0.16 0.24

[% ]

#Temperature of maximum desorption of Nb¢tween 100 and 300°C
® Fractional population of sites between 100 and 300°C
“Temperature of maximum desorption of Nkbove 300°C

4 Fractional population of sites above 300°C

®Estimated by FAIR analysis of adsorbedscetonitrile at 25°C

fEstimated by FAIR analysis of adsorbedsRcetonitrile at 300°C

Table2



Binding energy

Binding lengths

Sample (eV/mol) (A
8 MR 10 MR 8 MR 10 MR
1.820 1.864
EnFER -24.01 -25.76 1.908 1.902
1.710 2.473
2x1.960; 2.042
DAO-FER N.a.N -22.67 - 2.129; 1.498
2.441, 2.488

aNH;"---O(ZEO) Hbond;
® NH,---O(ZEO) Hbond
° C(CH)---O(ZEO) Hbond

Table3



Intensity [a.u.|

Intensity [a.u.]

-
.

En-FER

12 days

6 days
-, M_,,—J‘*AJLA_A_,_ 3 days
10 15 20 25 30 35 40 45 50
2 Theta
DAO-FER
10 day
J 6 days
3 days
e 30 hours
5 10 15 20 25 30 35 40 45 50
2 Theta

Figurel
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N, Quantity Ad

N, Quantity Adsorbed [cm3/g STP|

En-FER

220
200
180
160
140
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100

0,4 0,6

T T T T T

0.2 0,8 1
Relative Pressure P/P° |-
DAO-FER
0 0,2 0.4 0,6 0,8 1

Relative Pressure P/P° [-]

Figure3




Figure4



Figure5



Figure6



Figure7



Figure8



