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Prominent role of mesopore surface area and
external acid sites for the synthesis of
polyoxymethylene dimethyl ethers (OME) on a
hierarchical H-ZSM-5 zeolitef
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H-ZSM-5 zeolite has been shown to be an active catalyst for the synthesis of polyoxymethylene dimethyl
ethers (OME). However, we demonstrated - by passivation of the zeolite's external surface - that the reac-
tion rate is limited due to severe internal diffusion limitations of the reactants and products. External acid
sites thus played a more prominent role in the observed overall reaction rate compared to the acid sites in
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the zeolite's micropores. Through controlled introduction of an intercrystalline network of mesopores the
zeolite's activity was significantly enhanced by allowing a more significant part of the reaction to take place
within the zeolite's micropores. By optimising alkaline treatment and consequent acid wash of H-ZSM-5,
we achieved a two-fold increase in the initial reaction rate and a 10% increase in selectivity towards OME
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Introduction

Due to their high surface area and adjustable Si/Al ratio, zeo-
lites are attractive for a wide range of applications ranging
from catalytic cracking to water softening."”> These alumino-
silicate materials are structured to provide ordered, uniform
channels of molecular dimensions. Their Angstrom-level size
results in pronounced shape-selectivity widely applied in vari-
ous processes including alkylation of toluene and isomeriza-
tion of n-butene.>* However, these small channels often in-
duce mass transport limitations, lowering the effective active
zeolite volume.” This limitation reduces their performance as
catalysts for reactions involving bulky molecules, especially in
the liquid-phase.®® Recently, this drawback was circumvented
by the addition of an auxiliary network of mesopores leading
to a hierarchical material.”*® Amongst several possible treat-
ment strategies, desilication by alkaline treatment prevails as
an affordable and scalable post-synthetic treatment.* Besides
accelerating the reaction by improving access to the zeolite
crystals, mesoporosity can also influence the selectivity.'?
Notably, using supported ruthenium nanoparticles on meso-
porous zeolites, Cheng et al. reported a deviation from the
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with 3 to 5 oxymethylene units (OME3z_s), which are the more desirable products.

Anderson-Schulz-Flory (ASF) distribution during the Fischer-
Tropsch synthesis."?

Polyoxymethylene dimethyl ethers (OME) are a promising,
new type of biofuels that recently demonstrated remarkable
properties as green alternatives to Diesel."*™® They are oligo-
mers capped by methyl- and methoxy-groups and composed
of a varying number of oxymethylene units that defines their
chain length. The latter property controls their physico-
chemical properties. OME possessing a chain length between
3-5 (OME;_;) are most attractive due to their compatibility
with diesel engines and existing fuel infrastructure.'®*® Their
synthesis process is acid-catalysed and requires both a
methyl- and an oxymethylene group provider. Various synthe-
sis paths exist but the anhydrous route (Scheme 1), involving
trioxane (TRI) and dimethoxymethane (OME,), was shown to
achieve the maximal yield of OME;_s5 with the highest reac-
tion rate.>" Water is known to affect the kinetics and the ther-
modynamic equilibrium of OME synthesis.>* Lautenschiitz

(0} 0.
Me/ \/ \Me
dimethoxymethane (OME;)

O

trioxane (TRI)

0. O
H* Me’e \)n/ \Me

polyoxymethylene dimethyl ethers (OME)

Scheme 1 Synthesis of polyoxymethylene dimethyl ether (OME) from
dimethoxymethane (OME,) and trioxane (TRI).
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et al. demonstrated that through complete drying of the reac-
tants, the equilibrium can be reached in under 15 min at 25
°C using H-Beta zeolite as the catalyst.>®> However, fulfilling
these conditions on an industrial scale is difficult. Addition-
ally, the reaction mechanism of OME synthesis from TRI and
OME; still remains elusive.

It is believed that the OME synthesis occurs via insertion
of formaldehyde units, generated by TRI decomposition, into
OME;,.>* Studies have demonstrated that OME; is activated to
form a carbocation or a hemiformal.** Recently, Goncalves
et al. demonstrated that TRI insertion into OME; on H-Beta
is more favourable than insertion of formaldehyde units
formed from TRI decomposition.?> However, a statistical ASF
distribution is still observed, since the transfer of oxymethyl-
ene units between two OME molecules (ie trans-
acetalyzation) occur faster than TRI insertion. The high rate
of transacetalyzation prevents a preferential OME chain
length distribution (i.e. a higher concentration of OME, or
OME;, compared to other OME).

Various types of aluminosilicates were found to be active
for OME synthesis. H-Y, H-ZSM-5, H-Beta and H-MCM-22
were proposed as active catalysts for the OME synthesis pro-
cess.”® Wu et al. identified H-ZSM-5 with a high Si/Al ratio as
an efficient catalyst.”>” Fu et al. achieved a superior perfor-
mance using super-microporous aluminosilicates.”® Al-SBA-
15, an ordered mesoporous material containing mainly alu-
minium, also catalysed the reaction demonstrating the activ-
ity of Lewis acidity in this reaction.”® Despite having a supe-
rior surface area and a high concentration of acidic sites,
zeolites typically have lower activities compared to acidic
resins for OME synthesis.>® One of the reasons might be that
OME are bulky molecules having a gauche preferential con-
formation due to anomeric stabilization, hampering diffusion
into a zeolite's micropores.****

Therefore, in this study we focused on the following two
unaddressed questions on the synthesis of OME: firstly, how
does mass-transfer limitation affect the performance of the
catalyst? Secondly, do external sites have a more prominent
role compared to the internal sites in the catalytic reaction?
We addressed these questions by varying the active sites ac-
cessibility on a H-ZSM-5 =zeolite using two strategies
(Scheme 2) in order to change the internal diffusion limita-
tions. On the one hand, we introduced a secondary network
of mesopores by desilication and subsequent acid wash to de-
crease the effect of internal diffusion limitations in the zeo-
lite crystals. On the other hand, we passivated the external
surface of the zeolite by selective silanation and epitaxial

I — R —
Mesoporosity Passivation

Acid site accessibility

Scheme 2 Treatments applied on H-ZSM-5 to create mesoporosity or
passivation.
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growth of a silicate-1 layer to block all the sites that are unaf-
fected by internal diffusion. Precise quantification of mass
transfer limitations within the zeolite crystal is out of the
scope of this study, nevertheless, it aims to investigate the
overall, qualitative effect of internal mass transfer in a H-
ZSM-5 zeolite for OME synthesis.

Experimental section
Chemicals and materials synthesis

All reagents were of analytical grade and obtained from com-
mercial suppliers. They were used without further purification.
H-ZSM-5 and 2,6-di-tert-butyl-pyridine (97%) were purchased
from ABCR. Trioxane (99%), dimethoxymethane (99.0%), tetra-
ethyl orthosilicate (99.999%), tetrapropylammonium hydroxide
(1.0 M), ammonium nitrate (99.0%) and methyl formate (anhy-
drous, 99%) were obtained from Sigma Aldrich. Hydrochloric
acid (1.0 M) was purchased from Fluka. NaOH (99.0%) was
obtained from Roth. 3-Aminopropyl-triethoxylsilane (99%) was
purchased from Acros. OME, to OME; (99.0%) were purchased
from ASG Analytics.

Introduction of mesoporosity

Mesoporous H-ZSM-5 zeolites were synthesized by 30 min of
alkaline treatment (AT30) as described by Verboekend et al.*’
Typically, the H-ZSM-5 zeolite (3.3 g) was stirred in a NaOH
solution (100 mL, 0.2-1.0 M) for 30 min at 65 °C. After
quenching the solution with ice, the powder was filtered and
washed with DI water (samples are denoted H-ZSM-5-AT30).
If the alkaline concentration is not mentioned, a 0.2 M NaOH
solution was used for the treatment. Some samples were sub-
sequently dealuminated with an acid wash (AW) during
which the powder was stirred in a 0.02 M HCI solution (100
mL g " zeolite) at 65 °C (samples are denoted H-ZSM-5-AT30-
AW). The powder was recovered by filtration. The protonic
form of the sample was then obtained by three successive
ion-exchange with NH,NO; (100 mL g ' zeolite, 65 °C).
Finally, the sample was calcined under static air for 5 h at
550 °C with a 5 °C min™" heating ramp.

Passivation of H-ZSM-5 crystals

Passivation of external Bronsted acid sites was carried out by
two methods: selective silanation and epitaxial growth of
silicalite-1. Selective silanation of the external sites was
performed according to the protocol presented by Ding et al.**
H-ZSM-5 (3.3 g) was stirred with an ethanol solution (33 mL)
containing 0.49 g of 3-aminopropyl-triethoxylsilane. After 2
min of sonication to break agglomerates, the solvent was evap-
orated at 60 °C. The sample (H-ZSM-5@Si0,) was then calcined
under static air for 5 h at 550 °C with a 5 °C min™" heating
ramp. The bulky organosilane molecule only reacts with exter-
nal acidic hydroxyl groups to form SiO, species after calcina-
tion. The second passivation method was performed by epitax-
ial growth of silicalite-1 according to the method of
Ghorbanpour et al®® A growth solution (225 g) was prepared

Catal Sci. Technol.,, 2019, 9, 366-376 | 367
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with a molar ratio of 17 tetraethyl orthosilicate (TEOS):14
tetrapropylammonium hydroxide (TPAOH):9500 H,O by
adding TEOS dropwise in a TPAOH solution. After stirring over-
night, 2.25 g of untreated H-ZSM-5 was added and the solution
was sonicated for 5 min. The solution was transferred in a
Teflon-lined Parr reactor and hydrothermally treated at 100 °C
for 24 h. Then, the solution was filtered and washed with
deionised water. Finally, the zeolite was obtained in its pro-
tonic form (H-ZSM-5@S-1) by three successive ion-exchange
treatments for 16 h in a 0.2 M NH,NO; solution at 65 °C.

Material characterization

N, physisorption experiments were performed using a Micro-
metrics 3Flex apparatus at liquid nitrogen temperature and
N, relative pressures between 10~> and 0.99. Typically, sam-
ples (ca. 150 mg) were dried at 120 °C (temperature ramp 5
°C min™") for 5 h. A leak test was performed before the analy-
sis. Brunauer-Emmett-Teller (BET) surface, Barrett-Joyner-
Halenda (BJH) and ¢-plot (Harkins and Jura model) methods
were used to calculate the specific surface area, mesoporous
and microporous volume, respectively.

Elemental analyses were performed using inductively
coupled plasma optical emission spectrometry (ICP-OES) on
a Vista pro AX Varian instrument. 50 mg of zeolites were
digested in a 10 mL aqueous solution containing 0.5 mL of
65% nitric acid, 0.5 mL of 40% hydrofluoric acid and 0.25
mL of 30% hydrochloric acid for 2 h at 95 °C.

X-ray diffraction (XRD) patterns were recorded using a D8
advance Bruker instrument (Cu Ko radiation, no monochro-
mator, Ni filter) equipped with a 1D-LynxEye detector. XRD
patterns were recorded with a step size of 0.01.

Magic angle spinning (MAS) solid-state nuclear magnetic
resonance (NMR) spectra were collected on a 400 MHz Bruker
AVANCEINIHD Bruker instrument spectrometer equipped
with a Bruker 2.5 mm solid probe H/X/Y at a spinning speed
of 35 kHz and a recording frequency of 104.26 MHz with a 2
s time interval.

The structures of the samples were observed by high-angle
annular dark-field scanning transmission electron micros-
copy (HAADF-STEM) on a FEI Tecnai Osiris with 200 kV accel-
eration voltage using the atomic number contrast (Z con-
trast). Samples were prepared by directly depositing a drop of
solution containing the powder on a Lacey carbon grid. The
results of the energy-dispersive X-ray spectroscopy were ana-
lyzed using Bruker Esprit Software.

The concentration of the acid sites was calculated using
NH; temperature programmed desorption (TPD) technique
on a Micromeritics Autochem 2920 II instrument. Typically,
the samples (ca. 100 mg) were loaded in a U-shaped quartz
cell and dried with a He flow (50 mL min™") at 500 °C (2 °C
min~'; hold time of 120 min). Saturation of the samples
with NH; was done using a 1:99 NH;: He (volumetric ratio)
during 1 h at 100 °C. Physisorbed NH; was then removed
with He (50 mL min™"). The temperature was then increased
to 500 °C (10 © C min') and NH; was monitored using a cali-
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brated thermal conductivity detector. Acidity of the external
surfaces was characterized by temperature programmed de-
sorption of 2,6-di-tert-butyl-pyridine (DTBPy). The same
method as our NH;-TPD technique was used except that the
saturation of the samples was done using 50 loops of 0.1 mL
of saturated vapor of DTBPy at 150 °C instead of NH;:He
mixture. An MKS Cirrus II mass spectrometer monitored the
desorption (mass 149 corresponding to 2-tert-butyl-6-
methylpyridine). As no calibration was performed, the mea-
surements were only qualitative.

Diffuse reflectance infrared Fourier transform (DRIFT)
spectra were recorded using a high temperature Harrick
DRIFT cell mounted on a Perkin Elmer Frontier spectrometer
equipped with a mercury cadmium telluride detector. Typical
pyridine adsorption experiments were carried out with the
following procedure. Samples were dried for 2 h under a 20
mL min ' He flow at 400 °C. They were then saturated with
pyridine at 50 °C using a 20 mL min' He flow passing
through a pyridine bubbler. Physisorbed pyridine was re-
moved at 50 °C by flowing pure He (20 mL min ") for 30
min. The temperature was increased to 150 °C and finally
300 °C with a 5 °C min™* ramp rate. Spectra were recorded
with 32 scans at a resolution of 4 cm™.

Catalytic tests

Synthesis of OME was performed in 450 mL stirred batch re-
actor (Parr) manufactured in 316 stainless steel under a pres-
sure of 5 bar of N, (Fig. 1). Typically, 30.83 g of TRI and
85.93 g of OME; were loaded into the reactor which was then
purged 3 times with 5 bar of N, before beginning the stirring
at 450 RPM and heating the mixture to the reaction tempera-
ture. The temperature was measured by a J-type thermocou-
ple and the pressure by a membrane pressure gauge. The re-
actor was thermostated with an electrically heated jacket. The
catalyst (0.5 wt%) was loaded using a solid charging system
and the catalyst injection was considered as the starting time
of the reaction. Samples (0.3 pl) were taken using a dip tube
combined with a heat exchanger to cool the samples to 30 °C.

|| Inner catalyst
X loading

TIC

Cold trap

Fig. 1 Schematic of the 450 mL stirred batch reactor. PI, pressure
indicator, TIC, temperature indicator and control; PIC, pressure
indicator and control.

This journal is © The Royal Society of Chemistry 2019
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An Agilent 7890B/5977A series gas chromatograph-mass
spectrometer (GC-MS) equipped with an HP-5 capillary col-
umn (length 30 m, outer diameter 0.32 mm, film 1.05 um)
and an automated liquid sampler was used for the analysis
of the liquid samples. A dean switch was used to send the el-
uent to a flame ionization detector (FID) or to the mass
spectrometer. OME,;_, methanol and methyl formate were
quantified by means of a calibration curve obtained with
pure reference samples. OME, g calibration curves were
based on the effective carbon number method and extrapo-
lated from the response factors of OME,;_. Conversion of tri-
oxane (Xrgp), selectivity towards OME;_ ;5 (S(OME;_s)) and
growth probability («)*® were calculated from:

_ [TRI], -[TRI]

TRI — [TRI]O (1)

> [oME]

S(OME, ;)= 2

8

Z[OME]i

_ log[OME]  -log[OME]

n

®)

loga

Experimental data were fitted with the ExpAssoc function
using ORIGIN software. Initial reaction rates (mol min™" g.,. ")
were then calculated based on the value of the derivative at ¢ =
0 of [OME,_g] vs. time divided by the catalyst concentration.

Reaction network and kinetic model for OME synthesis

A simplified pseudo-homogeneous kinetic model for the syn-
thesis of OME was derived from a study done by Burger
et al.®” The model considered that OME are formed from
OME;, and TRI according to:

OME, + %TRI bt

2L OME, , (n> 0) (a)
where komes and komep are the forward and backward rate
constants, respectively. The equilibrium constant of reaction
(4) was demonstrated to be independent of OME chain
length®”*® and is defined by:

* —
OME —

[OME,,, ]
W(” >0) (5)

Its value can be modelled using the van't Hoff equation:

1n(KgME):a+T/LK ©)

The values of a and b (respectively 0.2404 and —0.8728)
were determined by fitting the experimentally obtained K

This journal is © The Royal Society of Chemistry 2019
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value at various temperatures (Fig. S1, ESIT). kome ¢ and kome b

are also assumed to be independent of OME chain length.
For reaction (4), the reaction rate is:

1 1
ToMmE, = kome ¢ ([OMEn][TRI]3 - KT[OMEM ]] (7)
OME
k,
where kg, = 1??:“

OME
Finally, the evolution of the concentration of component A
over time is calculated based on:

% = mcat'ccal'zvrj (8)

J

where v is the stochiometric coefficient of component A in re-
action r;. The model-data fit was calculated based on the root
mean square error (RMSE):

RMSE =1 *%ZZ\/([A oo [ A ) )

where 7 is the number of components and 4;; is the concen-
tration of the ith component of the mixture at time j. The
decomposition of TRI to formaldehyde was not considered in
the model for two reasons. First, since the study was focused
on the accessibility to the active sites, the simplified reaction
(4) was considered to be adequate. Secondly, including TRI
dissociation did not significantly improve the model fit.

Results and discussion
Physicochemical properties of the catalyst

The XRD patterns (Fig. S2f) of the untreated, mesoporous
and passivated H-ZSM-5 all have reflections representative of
the MFI structure. Textural properties were investigated by N,
physisorption with clear differences visible in the isotherms
(Fig. 2a). All zeolites possessed a type II isotherm with a hys-
teresis loop. The untreated H-ZSM-5 also possessed some ini-
tial mesoporosity, evidenced by a H4 loop in the isotherm,
generated from intercrystallite space between aggregates.*
Alkaline treatment increased the total N, uptake and meso-
pore surface area (Smeso) from 54 to 80 m* g™ with a concom-
itant, slight decrease in micropore surface area (Smijcro) from
294 to 280 m> g '. Aluminium-rich debris can be formed
upon desilication on Al-rich H-ZSM-5 (Si/Al < 20) and cause
micropore blockage.>® Adding a subsequent acid wash step
partially restored Smicro (287 m> g™*) and increased Speso (99
m? g). Both samples exhibited a broad peak in the pore size
distribution around 9 nm indicating the presence of meso-
pores (Fig. 2a, inset). Scanning transmission electron micros-
copy (STEM) confirmed the presence of intracrystalline meso-
pores within the entire crystal for alkaline-treated H-ZSM-5
(Fig. 2c and d) in comparison with the untreated zeolite
(Fig. 2b).

Catal Sci. Technol,, 2019, 9, 366-376 | 369
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(b) H-ZSM-5

(c) H-ZSM-5-AT30M

200 nm

(e) H-ZSM-5@S-1
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Fig. 2 N, physisorption of untreated, mesoporous and passivated H-ZSM-5 with (a) N, isotherms and BJH pore size distribution as inset and STEM
images of (b) H-ZSM-5, (c) H-ZSM-5-AT30, (d) H-ZSM-5-AT30-AW and (e) STEM-EDS of H-ZSM-5@S-1 (Si: red; Al: green). Arrows are pointing to

examples of mesopores caused by the alkaline treatment.

The effect of desilication and dealumination treatments on
the coordination of aluminium was investigated by solid state
NMR (Fig. $31). Signals from tetrahedral Al', pentahedral AlY
and octahedral AI'" have chemical shifts at 50 ppm, 30 ppm
and 0 ppm, respectively.’** Alkaline treatment led to an in-
crease in the AlY and Al"' signal at the expense of the A" sig-
nal. Tetrahedral aluminium was thus partially converted upon
desilication into extra-framework aluminium (EFAl) and
aluminium-rich debris, which can lead to partial micropores
blockage.** An additional acid wash step decreased EFAI signals
but also slightly decreased the Al' signal. Dealumination was
thus required to regenerate the initial crystallinity. The FTIR
spectra (Fig. S4t) of the silanol region showed peaks assigned
to isolated Si-OH (3740 ecm ™), AI-OH (3660 cm™), bridging
hydroxyl (3590 cm™) and internal Si-OH (3495 cm™).*

Overall, the bridging hydroxyl signals remained constant
for the three samples but higher AI-OH signals were observed
for the alkaline-treated zeolites. Dealumination also in-
creased the signal of terminal Si-OH bonds, due to the re-
moval of Al from the zeolite framework. The initial Si/Al ratio
(Table S17) decreased with the alkaline treatment (from 11.3
to 10.9) and reached a value above its initial level with the
additional acid wash (12.7).

The influence of the extent of desilication was studied by
using NaOH solutions with various concentration (0.2 to 1.0
M) for the alkaline-treatment with and without a subsequent
acid wash. The textural properties of the resulting samples
were characterized by N, physisorption and the results are
quantified in Table S2.} As observed in Fig. 3, increasing the
extent of desilication by increasing the concentration of
NaOH during alkaline treatment led to an increase in meso-
pore surface area at the expense of the micropore surface
area. Severe pore blocking occurred at concentrations higher

370 | Catal Sci. Technol, 2019, 9, 366-376

than 0.4 M, highlighted by the loss of more than 40% of
Smicro- Adding an additional step of mild dealumination after
desilication regenerated the access to the micropores while
preserving the mesopores. A too severe alkaline treatment
(i.e. 1.0 M) resulted in a sharp drop in micro- and mesopore
surface area.

Passivated zeolites samples had distinctive textural proper-
ties. As shown on Fig. 2a, silanation of H-ZSM-5 decreased
the Smicro (272 m” g ') while preserving the Speso (47 m> g7Y).
However, epitaxial growth of S-1 resulted in an increase in
Smicro (345 m” g™") at the expense of Speso (43 m* g7'). Both
passivated samples possessed a larger Si/Al ratio compared to
the untreated H-ZSM-5 due to the addition of silicon. The co-
ordination of Si was investigated by NMR (Fig. S51). H-ZSM-5
possessed a prominent peak at -110 ppm corresponding to

200
- /'\‘ 300
& 150 - - ! &
£ \ £
3 . \ 3
s 200 &
§ 100 - §
‘= \ =
3 | 3
7] N 7]
g Y 1100 8
Q. \ Q.
o 50+ \ o
3 | S
= \ =
--e-- AT30 —m— AT30 + AW |
0 T T T T T 0
0.0 0.2 0.4 0.6 0.8 1.0

NaOH (mol/l)

Fig. 3 Mesopore and micropore surface area of H-ZSM-5 (AT: alkaline
treatment, AW: acid wash) derived from N, physisorption measurements.
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framework tetrahedral silicon (Q4).** Overall, both passivated
zeolites exhibited a signal shift from Q; and Q,(Al) (between
-97 and -108 ppm) to Q, (between 108 and -116 ppm) indi-
cating a larger proportion of tetrahedral silicon present in
the passivated zeolites.”> The presence of an outer layer of
S-1 was confirmed by STEM-EDS (Fig. 2e).

We studied the acidity of the mesoporous and passivated
zeolites by NH;-temperature programmed desorption (TPD),
pyridine adsorption FTIR spectroscopy (Py-FTIR) and di-
tert-butyl-pyridine - temperature programmed desorption
(DTBPy-TPD). NH;-TPD typically showed low- and high tem-
perature peaks for the protonic form of zeolites (Fig. 4a and
S6t) and the results of the peak area quantification are sum-
marized in Table S3.t Alkaline treatment increased the acidity
with H-ZSM-5-AT30 (1.07 mmol g™') having 9% additional
acidity compared to the untreated H-ZSM-5 (0.98 mmol g ).
EFAl located on the crystal surface resulting from silicon ex-
traction likely accounted for this increase.*®

The additional acid wash step diminished the acidity to a
level below that of the untreated H-ZSM-5 (4% decrease).
Their strength was however enhanced as reflected by the shift
towards higher desorption temperature. Augmenting the ex-
tent of desilication is detrimental to the acidity of the zeolite,
despite the acid wash step to restore the micropore surface
area. H-ZSM-5-AT30, 6p-AW possessed the lowest acidity of all

500
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prepared mesoporous zeolites even though it displayed one
of the highest BET surface area. There is thus a limit to the
introduction of an auxiliary network of mesopores without
damaging the acidic properties of the zeolites. The two differ-
ent methods of passivation had different effects on acidity.
Despite having the same total acidity as H-ZSM-5@SiO, (0.86
mmol g '), H-ZSM-5@85-1 had a larger portion of weak acid
sites, which is due to the addition of the S-1 layer that does
not contain bridging hydroxyl groups.

Py-FTIR was applied to study the nature and strength of
the catalyst's acidic sites (Fig. 4b). After exposure of H-ZSM-5
to an excess of pyridine vapour at 50 °C, the characteristic
bands of pyridine adsorbed on Brensted acid sites (1530
em™) and Lewis acid sites (1445 and 1580 cm™') were ob-
served.”” The signal corresponding to Brensted acid sites
remained constant with the increase in temperature, while
the signal corresponding to Lewis acid sites disappeared at
temperature above 150 °C.

It was thus concluded that the untreated H-ZSM-5 pos-
sessed strong Bronsted and mild Lewis acid sites. A similar
trend was observed for H-ZSM-5-AT30 and H-ZSM-5-AT30-AW
Py-FTIR spectra. Therefore, neither the alkaline treatment
nor the acid wash affected the type of acidity.

The external acidity of the samples was probed by DTBPy-
TPD (Fig. 4c and S7t). DTBPy is a bulky base that cannot

‘ H-ZSM-5-AT30-AW
T T T T
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Fig. 4 Characterization of the acidity of mesoporous and passivated H-ZSM-5 zeolites by (a) NH3-TPD, (b) pyridine-FTIR spectroscopy (PyH* and
L-Py indicates pyridinium ion and pyridine bonded to a Lewis site, respectively) and (c) DTBPy-TPD (only the cumulative peaks from Gaussian peak
deconvolution is displayed for clarity and the measured spectra are presented in Fig. S77).
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enter the micropores and is selective to Brgnsted acid sites
due to steric constrains preventing its coordination to Lewis
sites.*® It is thus a suitable probe for quantification of exter-
nal Brgnsted acidity. All treatments on H-ZSM-5 showed a
significant effect on its external acidity. Desilication lowered
the signal by 24% and shifted it towards higher tempera-
tures. This change in acidity can arise from two concomitant
effects. First, as NaOH preferentially attacks Si-OH, i.e. there
is a decrease in the number of external silanol groups.
Second, silicon extraction can expose bridging hydroxyl
groups and produce EFAl on the surface, leading to an in-
crease of surface acidity.”

The addition of an acid wash particularly affected the ex-
ternal acidity with a 73% decrease compared to the untreated
H-ZSM-5 signal. This treatment dealuminated the external
surface thereby removing strong acid sites. As a consequence,
the external acidity was more severely affected than the over-
all acidity. This observation is in line with Fernandez et al.,
who found that EFAI present on the external surface are more
disposed to be extracted during dealumination than tetrahe-
drally coordinated AL>® Lastly, both methods of passivation
efficiently reduced external acidity based on a signal drop of
86% and 81% for H-ZSM-5@SiO, and H-ZSM-5@S5-1, respec-
tively. The overall acidity was found to be the same for the
two samples but H-ZSM-5@SiO, had a higher number of
strong acid sites.

Catalytic properties for OME synthesis

The performance of the synthesized catalysts was tested for
the synthesis of OME from TRI and OME; in a batch reactor
(Fig. 5). All catalysts were able to synthesize OME but with
major differences in kinetics. Their performance followed the
trend: mesoporous > untreated > passivated. Compared to
H-ZSM-5, H-ZSM-5-AT30 and H-ZSM5-AT30-AW were more ac-
tive catalysts. The initial reaction rate using H-ZSM-5-AT30-

View Article Online
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AW almost doubled compared to the untreated H-ZSM-5 from
0.015 to 0.028 mol min™" g., "

Using H-ZSM-5-AT30-AW as the catalyst, the reaction
reached equilibrium between 120 and 180 min while by using
H-ZSM-5 and H-ZSM-5-AT30, it required more than 180 min
to reach the equilibrium. The opposite effect occurred with
the passivation of the external surface where a significant de-
crease in performance was observed. Initial reaction rates di-
minished to 0.009 and 0.007 mol g.,, " min™", respectively,
for H-ZSM-5@Si0O, and H-ZSM-5@8S-1. Furthermore, the order
of the reaction seemed to change from a first order reaction
to a zeroth-order reaction. This suggests that the reaction rate
does not depend on the reactants' concentrations and that
the rate-limiting step may be internal diffusion within the
zeolite micropores. Both catalysts did not enable to reach
equilibrium under 240 min.

Methyl formate (MF) is a byproduct of OME synthesis
and is formed through the condensation of two formalde-
hyde units. The production of MF (Fig. S8t) was higher for
mesoporous and passivated zeolites than for untreated
H-ZSM-5. Since a higher proportion of the reaction took
place in the micropores, there was a higher probability of
MF formation.*”

Reusability of H-ZSM-5-AT30-AW was assessed by per-
forming 4 consecutive runs (Fig. 6). The conversion of tri-
oxane and the OME size distribution remained constant. The
latter was calculated using the growth probability (), which
is a parameter representative of this distribution (see defini-
tion in the Experimental section); a larger value implies that
larger OME are produced.

Alkaline-treated and acid-washed H-ZSM-5 zeolites
exhibited the most suitable textural properties for OME syn-
thesis, i.e. high mesopore surface area and preserved crystal-
linity. The catalytic performance of candidates with varying
degrees of desilication was thus also tested to better under-
stand the effects and benefits of mesopores for OME

—u—H-ZSM-5 —A— H-ZSM-5-AT30 —e— H-ZSM-5-AT30-AW —&— H-ZSM-5@SiO, —v— H-ZSM-5@S-1
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Fig. 5
mesoporous and passivated H-ZSM-5 zeolites.
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(@) TRI conversion and (b) concentration of OME;,_g in the batch reactor (OME4/TRI: 3.3; 0.5 wt% catalyst; 70 °C) obtained with untreated,
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Fig. 6 Reusability test of H-ZSM-5-AT30-AW with TRI conversion and
o (OME,/TRI: 3.3; 1.0 wt% catalyst; 70 °C; 120 min reaction time).

synthesis (Fig. S91). The relationship between the initial reac-
tion rate and the extent of alkaline treatment displays a maxi-
mum value reached with H-ZSM-5-AT30, 4;-AW (Fig. S10at).
This catalyst showed a two-fold increase from 0.015 to 0.031
mol min™ g. " in the initial reaction rate compared to
untreated H-ZSM-5. Alkaline treatment with a concentration
above 0.4 M resulted in a more modest increase in activity
despite having the highest mesopores surface area. Moreover,
all mesoporous zeolites displayed an increase in S(OME;_5)
before the equilibrium was reached during the experiments.
The maximum value S(OME; 5 mq) Was around 10% higher
for alkaline-treated and acid-washed H-ZSM-5 zeolites
(Fig. S10b¥). Despite a modest increase, it seems that meso-
pores supported the formation of OME;_; at the expense of
larger OME. We suggest that mesopores facilitate the diffu-
sion of OME;_s.

Finally, we investigated the effect of the treatments on o.
A small influence of mesopores was also observed on o with
a maximum value of o at 250 min obtained for H-ZSM-5-
AT300.4m-AW (Fig. S10ct). All catalysts led to an OME product
distribution at equilibrium following the ASF distribution.

Structure-activity relationship

The intracrystalline network of mesopores showed to improve
the activity of H-ZSM-5 for the synthesis of OME. However, it
is not the only important aspect: there is a trade-off between
overall acidity and accessibility. At a certain extent of alkaline
treatment (i.e. using a 0.6 M NaOH solution for desilication),
the concentration of acid sites decreased, which caused a de-
crease in the catalyst activity. A correlation was found be-
tween the initial reaction rate at 70 °C and the product of
Smeso and the acid sites concentrations (Fig. 7), which high-
lights the importance of both factors for OME synthesis.
Another important aspect is the obstruction of the zeo-
lite's micropores. H-ZSM-5-AT30 or H-ZSM-5-AT30 sp-AW are
both less active, which could be due to the presence of
Al-rich debris causing micropore blockage. The acid-wash
step is crucial to restore the crystallinity and access to micro-

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Correlation between the initial reaction rate and the product of
mesopore surface area and acidity (U: untreated, AT: alkaline
treatment, AW: acid wash, @SiO,: silanated zeolite, @S-1: epitaxial
growth of S-1).

pores but could be insufficient to remove all Al-rich debris
produced when performing a desilication step using the
more concentrated alkaline treatment (i.e. 0.6 M). The higher
amount of Al-rich debris produced upon a stronger alkaline
treatment requires in turn acid wash with a more concen-
trated HCI solution. However, this could also remove
Bronsted acidity and thus be detrimental to the overall zeo-
lite acidity. The acid site strength could also be playing an
important role. H-ZSM-5-AT30 and H-ZSM-5-AT30-AW both
displayed enhanced acid strength that could also contribute
to their overall increased performance.

Finally, considering the characterization data showing that
the passivated samples lost most of their external acidity with
a small decrease in the overall acidity, it becomes obvious
that the external acid sites must play a more prominent role
in OME synthesis than the sites within the micropores. These
external sites are more easily accessible to the bulky OME;
and TRI molecules.

It is difficult, however, to exactly quantify this difference
as both passivation treatments also induced some changes to
the bulk of the material. The least active catalyst was H-ZSM-
5@S-1 for three reasons. First, the original intercrystalline
volume was filled with newly generated S-1 phase, decreasing
the mesoporous volume. Second, the internal acid sites
of the H-ZSM-5 crystals are only accessible after diffusion
through the pores of the S-1 external layer. Finally, as the S-1
layer does not contain any bridging hydroxyl group, an in-
creasing thickness of S-1 layer also progressively lowers the
fraction of strong Brensted sites in the zeolite.

To investigate further the effect of passivation and intro-
duction of mesoporosity on the synthesis of OME, a kinetic
study was performed on the untreated and passivated
(H-ZSM-5@5-1) zeolites as well as on the best mesoporous
candidate (H-ZSM-5-AT30, 4-AW). They were tested at various
temperatures. Each run with a specific catalyst at a certain
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Fig. 8 Arrhenius plot for various catalysts based on the kinetic

constants extracted from the kinetic model with the apparent energy
of activation.

temperature was fitted to our kinetic model to yield a value
of the effective kinetic constant komg ¢ (Table S4, Fig. S11 to
Fig. $191). The value of E,p, was then calculated for each cat-
alyst using the linearized Arrhenius equation (Fig. 8):

(10)

E
1n(kOME,f)=—RaT +In(4)

H-ZSM-5 showed the highest E,p, of 117 k] mol ', which
is within the range of values (117 to 126 kJ mol™) calculated
by Wang et al. for the activation energy required for insertion
of a formaldehyde unit into an OME molecule.>* The lower
dependency of the reaction rate on temperature for H-ZSM-
5@5-1 was confirmed by its relatively low E,p, (79 kJ mol™).
When the intraparticle diffusion is the rate-determining step,
the slope of the Arrhenius plot changes from -E,/R to —(E4 +
E,)/2R where Eq is the activation energy for the effective diffu-
sion.”® The activation energy for molecular diffusion in the
H-ZSM-5 channels is in the range of 5-20 kJ mol*.”*
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Comparing these two values thus shows that the overall
reaction rate using H-ZSM-5 is dictated by reaction taking
place solely on the surface. Acid sites located inside the
micropores were subjected to severe diffusion limitation and
participated minimally in the reaction. In the case of the pas-
sivated catalyst, the inactive external surface led the reaction
to be solely dependent on internal sites, which revealed their
limitation on mass transfer.

Eapp for H-ZSM-5-AT3004v-AW was found to be 96 kJ
mol ', which reflected that both mass transfer and kinetics
were controlling the observed reaction rate. Counterintui-
tively, this catalyst was more influenced by internal diffusion
compared to H-ZSM-5 despite having higher overall perfor-
mance. In this case, the external sites probably possessed
similar activity to the external acid sites of H-ZSM-5 but were
largely removed by the acid wash. Also, introduction of meso-
pores into the zeolite structure likely caused a higher propor-
tion of the internal zeolite acid sites to participate in the
reaction. The overall reaction rate was thus partly governed
by internal diffusion, resulting in a lower E,,.

Alternatively, the reaction could take place mostly on the
acid sites located inside the mesopores where moderate mass
diffusion limitation occurs. A mesoporous diffusion limited
regime could explain an intermediate value of E,,,. However,
this explanation is rather unlikely due to the much higher
reactants’ diffusivity in the mesopores compared to the
micropores. This consideration is supported by the fact that
mesoporous diffusion limitation has not been reported in
the literature to the best of our knowledge.

Scheme 3 summarizes the findings of our study. The reac-
tion mostly took place on the surface and edges of the H-
ZSM-5 zeolite crystal while the bulk of the crystal was almost
completely unutilized. Therefore, the resulting E,,, was
closer to the real activation energy of the reaction. Due to the
addition of an external S-1 layer for H-ZSM-5@5-1, the reac-
tion was forced to occur within the micropores, leading to a
lower E,pp. Finally, the effect of internal diffusion was seen
more severely on the hierarchical candidate compared to the
untreated one with an intermediate E,p, value. Owing to its
intracrystalline network of mesopores, the bulk of the crystal

H-ZSM-5-AT30-AW

Q\

§§“\
n

N\

AMMMNNN.
\

N
N

o Trioxane

B Accessible + OME

Scheme 3 Schematic representation of the synthesis of OME on the passivated, untreated and mesoporous zeolites.
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was more accessible and a larger proportion of the reaction
likely took place within the micropores.

Conclusions

We demonstrated that controlled insertion of intracrystalline
mesopores in H-ZSM-5 led to the formation of a hierarchical
material that exhibited superior catalytic performance for the
synthesis of OME. Access to the active sites in H-ZSM-5
micropores was found to be of high importance since large
OME molecules experienced internal diffusion limitation in
the zeolite's micropores. The inner volume of the untreated
zeolite was thus less accessible compared to the hierarchical
zeolites that have advantageous diffusion properties. A two-
fold enhancement in initial reaction rate alongside a 10% in-
crease in the selectivity towards the OME with 3 to 5 oxy-
methylene units (OME;_s) was achieved with the best catalyst
(H-ZSM-5-AT30¢_sp-AW).

That being said, care must be taken to choose the appro-
priate treatment. A too severe desilication led to severe pore
blocking due to aluminium debris while a mild dealumina-
tion regenerated the crystallinity. Furthermore, a trade-off
was observed between mesopores insertion and acidity; a too
intense alkaline treatment was detrimental to Brgnsted acid-
ity which is essential for OME synthesis. Passivation treat-
ments highlighted the prominent role of external acidity.
Silanation or growth of silicate-1 on ZSM-5 caused a sharp
drop in performance despite having a similar overall concen-
tration of acid sites. Neither the introduction of mesopores
nor the passivation significantly alters the ASF distribution
which was previously established.

In conclusion, in order to tailor optimum zeolite catalyst
post-treatments and design other similar materials for OME
synthesis, it is highly important to consider both the accessi-
bility of active sites and the prominent role that external acid
sites play.
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