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Abstract:

As bio-butanol is gaining more and more interest as a commercially available bioresource, the
dehydration of this alcohol towards butenes and higher carbons gains more of interest. In general
HZSM-5 has shown to be the most promising catalyst for this conversion. The role of the zeolite’s Si/Al
ratio in the butanol dehydration reaction is still not fully understood. Experimental data obtained for
a series of HZSM-5 with decreasing Si/Al ratio revealed an increase in activity of the catalyst per active
site without affecting the selectivity profile. To understand the underlying effects, a microkinetic
model was constructed for H-ZSM-5 with a Si/Al ratio of 25, based on literature DFT calculations, and
the model was further modified by fitting the key parameters to the measured data at the four
different temperatures studied in this work. This resulted in an adequate model for the dehydration
of butanol across the evaluated temperature range of 503K to 533K. Investigation of the occurring
mechanisms indicated a inhibiting effect due to the strong adsorption of di-n-butylether. This
‘poisoning’ of the catalyst surface resulted in a peculiar S-like curve for the conversion site time
relation, which was also experimentally observed. This newly fitted base model was used to obtain
more insight in the effect of the Si/Al ratio by implementing an additional AAH parameter, which is
related to the adsorption strength of n-butanol in the base model. AAH varies between -4.8 to +11.3
kJ/mol and provides a good fit for Si/Al ratios ranging from 15 to 140. The higher dehydration rates
observed with decreasing Si/Al can be traced back to an increase in adsorption strength resulting in an
overall increase in surface coverage. The constant selectivity-conversion profile can be explained by a
similar dependency of all elementary steps on the adsorption strength. The model developed in this
study enables to simulate and understand the experimentally observed effects of temperature and
Si/Al ratio on the n-butanol dehydration.
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1 Introduction

To ensure a sustainable future, the commercial implementation of biofuel production is gaining
substantial interest [1-5]. Different generations of biofuels have been introduced with bio-ethanol
being one of the key molecules from the first generation [6-9]. It is easily produced and shows a large
potential, but has nevertheless some important drawbacks. It is not ideal for direct implementation in
the current technology due to low energy content and complex logistics upon blending, transport and
use [10, 11]. To overcome these drawbacks n-butanol has been proposed as a more practical bio-fuel
[11, 12]. Production of this bio-based butanol from renewable biomass can be achieved by different
methods such as pyrolysis of biomass [13], the utilization of the lignocellulose waste streams [9] or the
Acetone-Butanol-Ethanol (ABE) fermentation process of starches and sugars [14, 15]The latter is the
most commonly used method for the production of ‘green butanol’, and it was already commonly used
during the 1980’s [16-18]. Due to the promising properties of bio-butanol as a fuel additive as such the
optimization and commercialization of this process towards butanol has gained a lot of interest [15].

This increased availability of bio-butanol [12] makes it worthwhile to investigate chemical platforms
based on bio-butanol. One promising route is the zeolite-catalyzed dehydration of butanol towards
butenes [19-24] as a feedstock for specialty chemicals and commodity polymers. Zeolites are widely
used as strong acid catalysts. A whole series of zeolite lattices is known, each with their own unique
structure often leading to differences in selectivity with a change of zeolite lattice for a specific type of
reaction [22, 25-27]. These catalysts have shown to be suitable for the acid-catalyzed dehydration of
ethanol and butanol [4, 28-31]. Prior work suggests the same reaction mechanism holds for a range of
acidic zeolites on the dehydration of alcohols. This could open the possibility to construct a single
micro-kinetic model enabling the description of the catalytic performance of a range of zeolites[32].

The difference in selectivity and activity of the various zeolites is proposed to be related to a change in
dominant surface species and pathways, rather than a change in reaction mechanism. These effects on
selectivity and activity are caused by a different interaction of the lattice with the formed intermediates
and surface species, which can be related to Gibbs free energies of intermediates and/or transition
states considered in the micro-kinetic model [32]. The general reaction scheme for 1-butanol
dehydration (Figure 1) is assumed to be a parallel-consecutive pathway consisting of the direct
dehydration of 1-butanol to 1-butene (path A) and an ether-mediated conversion of 1-butanol towards
1-butene (path B + C) [24, 33, 34]. To account for the formation of 2-butene isomers the reaction
scheme is expanded with double bound isomerization reactions (Paths F, | and J), direct butanol
dehydration towards 2-butenes (path D and G) and the decomposition of di-n-butylether towards 2-
butenes (Path E and H), as reported in literature [35]. Double-bond isomerization resulting in iso-
butene is not depicted as earlier work has shown no iso-butene formation at the low temperatures
occurs [22, 36].
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Figure 1: Simplified reaction scheme for 1-butanol dehydration towards butene isomers excluding iso-butene
formation. Formation of n-butene (red), di-n-butylether (blue), cis-2-butene (green) and trans-2-butene (orange)
[34, 35]

To construct such a ‘global’ microkinetic model understanding of the most essential zeolite
characteristics is necessary, namely its silicon to aluminum ratio [37, 38]. When decreasing the Si/Al
ratio, essentially two characteristics are varied. First the number of acid sites per unit cell is increased
as the number of acid sites is related to the aluminum content. But at the same time also the acid
strength distribution is affected resulting in a different average acid site strength. It is known that the
acid strength of the catalyst can have a big impact on its performance for the dehydration of alcohols
to alkenes [39]. It is therefore highly important that these characteristics are compared separately, as
both number and strength of acid sites will affect the overall activity of the catalyst, and possibly also
the selectivity profiles. Generally, the separation of these characteristics is achieved by comparing
results on a site time basis. This parameter is used to account for the number of active sites available
in the reactor and is determined as (W.C.)/F° with W the catalyst mass, C, the number of catalytic sites
per gram of catalyst and F° the initial flowrate of the reactant. In this way the effect of the varying
number of active sites per gram of catalyst with a change in Si/Al ratio can be excluded by activities at
identical site times [32, 34-36].

Research into the effects of the Si/Al ratio on the acid strength indicates that differences are occurring
due to the Next Nearest Neighbor (NNN) principle [40], which states that the strength of an acid site is
correlated to its neighboring tetrahedral atoms via its atomic bounds. It is generally understood that
within the zeolite lattice an increase in the number of Al-atoms on the NNN-locations of the acid sites
results in an overall decrease in acid strength [37, 38, 40-43]. Some authors confirm this behavior in
alcohol dehydration reactions. Palla et al.[44] briefly investigated the effect of Si/Al ratio on the
dehydration of n-butanol towards higher carbons. They tested three different Si/Al ratios for the HZSM-
5 catalyst at an identical Weight Hourly Space Velocity (WHSV) and noticed a decrease in activity with
a decrease in Si/Al ratio. This indicates that even with more acid sites available, due to an increase of
aluminum in the lattice and thus the number of acid sites, at the same WHSV, the overall activity of the
catalyst is decreased. This decrease in activity enforces the statement that the increase in aluminum
content, i.e., a decrease of the Si/Al ratio, results in a weaker average acid site strength. Similar results



are observed on the dehydration of ethanol to ethylene, which follows the same mechanisms [13, 30,
31, 45].

Other authors observe an increase in acid strength for lower Si/Al ratios. Opalka et al. [38] used density
functional theory and experimental characterization to investigate this NNN principle. They concluded
that an increased aluminum density, corresponding to lower Si/Al ratios, increased the adsorption
strength of iso-propyl-amine (and to a lesser extent n-pentane) in HZSM-5 on the acid sites, which is
indicative of an increased acid strength. Ferreira et al. [46] used calorimetric methods to determine the
heat of adsorption of hexane on HZSM-5 type zeolites and concluded that an increase in aluminum
density increased the limiting heat of adsorption of n-hexane. Although the dominant interactions for
alkanes (physisorption) are different compared to these of alcohols (chemisorption), these
experiments support the results found by Opalka et al. Similar findings that contrasts with the common
knowledge of the effect of Si/Al on acid strength are also found by work by Wei et al.[47] and Al-
Dughaiter et al.[48]. Both observe an increase in the temperature of the high temperature peak during
Temperature Programmed Desorption of NHs; with a decrease of the Si/Al ratio. This increase in
temperature indicates an increase in bound strength between NHs and the acid sites, due to an
increased average acid strength.

These contradictions, also recently pointed out by Knott et al. [49], indicate that to get more insight of
the effect of the Si/Al ratio on activity and selectivity in alcohol dehydration it is essential to relate the
observed effects to individual active sites. Hence, to exclude the effect of the varying number of active
sites per gram of catalyst with a change in Si/Al ratio (molsiwes 8cat*) ON the observed activity, the catalytic
performance for a series of zeolites is evaluated as function of site time (molsies s mol™?) as opposed to
the more frequently used space time (gt s mol?) [43].

In this work we provide a comprehensive study on the effect of the Si/Al ratio of HZSM-5, at four Si/Al
ratios of 15, 25, 40 and 140, on the dehydration of 1-butanol at constant partial pressure of butanol of
29 kPa at four temperatures in the range of 503K to 533K. Based on the observed trends and the acid
properties of the zeolites determined by NHs-TPD, we assume that the effect of the Si/Al can be related
to the variation in average adsorption strength with Si/Al. To validate the assumption of the effect of
the Si/Al ratio on the butanol dehydration a microkinetic model is utilized.

For the microkinetic model, we started from a 1-butanol dehydration model based on DFT calculations
by John et al. [34, 35]. This model was further expanded and modified by fitting key kinetic parameters
to the measured data at a Si/Al ratio of 25 at four different temperatures, to use as a newly fitted base
model to investigate and explain the observed trends with varying Si/Al ratio. Validation of the
constructed DFT-based microkinetic model to a robust experimental dataset on the butanol
dehydration for a range of Si/Al ratios allows to obtain more insight in the effect of process conditions
and Si/Al ratio on the catalyst performance.

2 Methodology

2.1 Catalyst characterization

Commercial powder zeolites: NH4-ZSM-5 with a Si/Al ratio of 15 (Zeolyst, CBV 3024E), 25 (Zeolyst, CBV
5524G), 40 (Zeolyst, CBV 8014) and 140 (Zeolyst, CBV 28014) were employed for the catalytic testing.
These powders were calcined in air at 823 K during 8 hours to convert it into its protonated form. The
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calcined sample was subsequently pelletized. After sieving of the pelletized catalysts, the fraction
within 75 — 100 um range were utilized for testing. The Si/Al ratio was verified using ICP-OES. N»-
adsorption was performed (Micromeritics Tristar) to determine the surface area and pore volume at
77 K by means of the BET-method (total surface area Aiwt), the t-plot method (internal surface area: Aint
and mesopore volume Vmaero) and the single point adsorption (total pore volume Vi.t). Verification of
crystallite sizes below 1 um was performed using SEM. A summary of the catalyst properties is given in
Table 1.

Acid sites concentration was determined using NH3-TPD (Micromeritics Autochem). 0.1 g of dry catalyst
was heated to 373 K during 1 hour under a nitrogen flow. Subsequently the sample was treated with a
4 mol% NHs/He flow during 1 hour. Afterwards, helium was sent over the sample to remove any excess
of NHj at 373 K. Increasing the temperature to 923 K at a rate of 10 K/min resulted in the desorption
of NHs3 which was monitored using a thermal conductivity detector (TCD) which was calibrated for NH3;
to determine the concentration of acid sites. Deconvolution of the TPD peaks with maxima around 498
K and 678 K was performed to respectively determine the amount of weakly and strongly adsorbed
ammonia, as illustrated in Figure S1(A) of the Supporting Information. A 1:1 correlation between the
amount of strongly adsorbed ammonia and the number of catalytically active acid sites was assumed,
which is the total number of active sites C, used to determine site times [30].

Table 1: Catalyst properties: concentration of active sites (Ca), total surface area (Atot), external surface area (Aext),
internal surface area (Aint), total pore volume (Vtot), micropore volume (Vmicro) and macropore volume (Vmacro).

Catalyst 1Si/Al Ca Aext Aint Viot Vmicro Eq
(mol/kg) (m?/g) (m?/g) (cm3/g) (cm?/g) (kJ/mol)
HZSM-5.15 14.96 0.70 123 246 0.26 0.11 135.1
HZSM-5.25 24.98 0.43 122 242 0.26 0.11 126.3
HZSM-5.40 40.01 0.27 111 266 0.20 0.12 110.2
HZSM-5.140 140.21 0.12 140 254 0.25 0.06 103.3

1Si/Al ratio determined by ICP-OES

The NH3 desorption energy (Eq), can be derived form NH3-TPD profiles with different heating ramps ()
and with the maximum desorption temperature (Ty) of the coresponding acid site, located general
around 410K and desorption surface (Ag) via:

E
2InTy —Inf=In—+— — (1)

with R being the universal gas constant. The effect of the different heating rates on the peak location
is available in Figure S1(B). In this work, the variation in adsorption strength of ammonia on a series of
H-ZSM-5 with varying Si/Al as determined by NH3-TPD is taken to mainly reflect changes in average
acid strength assuming that solvation effects remain largely the same upon a change in Si/Al.

2.2 Catalytic testing

Experimental data acquisition was performed on a high throughput setup consisting of 16 tubular
reactors with a length of 0.8 m and an inner diameter of 0.002 m. The catalyst was loaded in the middle
section of the reactors located between inert a-alumina, with the catalyst weight ranging from 0.02 to
0.2 g. The catalyst was diluted, before loading, with the same inert material to ensure a uniform

temperature profile throughout the catalyst bed. The inert a-alumina showed no conversion (<1%) in
6



the tested temperature range (503K —533K). The temperature range was chosen based on temperature
screening performed on H-ZSM-5 with a Si/Al ratio of 25 in previous work, for which sufficient
conversion (0.05 — 0.95) was detected at reasonable site times (0.1 — 8.0) [36]. The reactors were
inserted inside a SiC heating mantle. A thermocouple inserted into the center of this ceramic heating
mantle regulated the temperature of the reaction. A Coriolis flow meter was utilized to regulate the
flow rate of 1-butanol (Sigma-Aldrich 99%+) across a set of 4 tubular reactors. Inert diluent and carrier
gas (Helium, Air Liquide, 99%+) was fed and regulated by thermal mass flow controllers to achieve an
overall reaction pressure of 5 bar within the reactors. Prior to reaction the catalyst bed was heated to
reaction temperature and a stabilization period of 1 hour at the set temperature was ensured. To
prevent downstream condensation of reaction products all lines were traced and kept at a constant
temperature of 413K. Online GC analysis (equipped with a PONA column) was performed. An internal
standard (Methane, Air Liquide, 99%+) was added after reaction to check closure of carbon balances
within an error of 5%. A simplified representation of the reactor block consisting out of 4 individual
reactors is available in Figure S2 of the supporting information[51]. The closure of the carbon balance
ensures the absence of any undetected, additional products such as higher carbons or aromatics and
indicates that the removal of butanol can be attributed to the formation of the observed products: di-
n-butylether, 1-butene, trans- and cis-2-butene. To ensure intrinsic kinetics were measured, literature
correlations were used [52].

During all experiments, the initial partial pressure of butanol was kept constant at 29 kPa. To make a
one to one comparison of the catalyst with varying Si/Al ratio all comparisons were made based on site
time ((W.Ca)/F%uon) to account for the difference in the concentration of active sites. Activity of the
catalysts is based on the conversion of butanol (Xsuon) and is defined as:

FlguOH - FBuOH
Xpuon = B (2)
u

where F°, .., (mol s1) is the molar flow rate of butanol at the inlet and Fouon (Mol s1) the molar flow
rate of butanol at the outlet of the reactor as determined by GC analysis with methane as the internal
standard. Carbon selectivity (S;) towards product is expressed as:

b;F;

(3)
4 ( lguOH - FBuOH)
with F;the outlet flow rate of product i and b;the number of carbon atoms per molecule of product i.

Si=

Also gas phase molar fractions of product i are calculated as:

Yi=SF, (4)

Deactivation experiments were conducted as described in previous work [36]. Experimental data were
measured at a TOS less than 7 hours where the effects caused by deactivation remain within the limit
of the margin of error of +/- 0.05 mol/mol conversion. During the deactivation of the catalyst the
selectivity of the different products was not affected due to the formation of unidentified species, but
solely due to the difference in conversion level.



2.3 Microkinetic modeling

The starting point for the kinetic model in this work is the model reported by John et al. [34], which
describes 1-butanol dehydration in HZSM-5 based on Density Functional Theory (DFT) calculations,
using the PBE functional [53] with DFT-D2 dispersion corrections [54]. The model of John et al. contains
3 pathways (A, B and C, see Figure 1) comprising 23 elementary reaction steps.

This model is further expanded with reaction steps accounting for the formation of 2-butenes taken
from another paper by John et al. [35], acquired using the same DFT approach as for the 1-butanol
dehydration model. The additional pathways discussed in John et al.[35] are indicated as paths D, E, F,
I and J in Figure 1. These reaction paths contain 8 additional elementary steps, resulting in an overall
reaction network that comprises 31 reaction steps. Finally two additional paths are introduced, namely
paths G and H, that were mentioned in the work of John et al.[35] but for which no DFT calculations
were performed. These paths contribute to the formation of cis-2-butene from n-butanol (path G) and
di-n-butylether (path H). These paths are very similar to the mechanisms for the formation of trans-2-
butene from n-butanol (path D) and di-n-butylether (path E), and therefore the kinetic parameters for
the reaction mechanism involving cis-2-butene were copied from the corresponding reaction steps
involving trans-2-butene determined by John et al.[35]. For details on the kinetic data the reader is
referred to John et al. [34, 35]. Summarized, the starting point for the kinetic modeling was a reaction
network consisting of 33 elementary reaction steps which can be interpreted in terms of 10 overall
reaction pathways and 18 possible reaction mechanisms (see Supporting Information Table S1 for
details).

In a first step, reactor simulations were performed using the kinetic parameters reported by John et al
[34, 35] and an isothermal plug flow reactor model. The following continuity equations were applied
for the gas-phase components i and surface species k along with a site balance:

dF;

W = Ri = Ca Z] U]lTOP} with F; = Fio at W=0 (5)
di;: v TOF, =0 (6)
i
6.+ 6,=1 7)
k

where TOF; is the turnover frequency of elementary step j (mol molu.? s?), v; the stoichiometric
coefficient of component i in the elementary step j, 8« the fractional coverage of surface species k (mol
moly.t), B+ the fractional coverage of free active sites (mol molu.?), C, the concentration of active sites
(molu: kgt), Fi the molar flow rate of gas-phase component i (mol s!), W the mass of the catalyst (kg)
and R; the net production rate of gas-phase species i (mol kg s1). This set of equations was solved
numerically using the LSODA module of ODEPACK.

Next, to investigate which key parameters control the model output, a degree of rate control was
performed as described by Stegelmann et al. [55]. Transition state energies were increased by 0.1
kJ/mol resulting in a decrease of both the forward and the reverse rate coefficient for an elementary
step. The degree of rate control of this step on the activity and selectivity was obtained as:



dlnr;

Xrren = AN (8)
o (7#)
RT

With r; being the net rate of formation of component i, G the standard-state molar free energy for
transition state n, R the universal gas constant and T the temperature. Analysis was performed at a
temperature of 513K as the bulk of experimental data is acquired at this temperature.

Then, the key microkinetic model parameters were updated by fitting to the experimental data using
the Least Squares approach. Residuals were determined by the relative error of the calculated to the
experimental flow rates. These residuals were then used to determine the Residual Sum of Squares
(RSSQ) across all components and all experimental results:

FI* —Fy\°
RSSQ = z Z (”—ml> (9)
T 1 i

With Fjj* the model-predicted outlet flow of component i in experiment number /, F; the experimental
outlet flow of component iin experiment number /.

The fitting process was performed at the four temperatures to acquire the Gibbs energy of activation
(AG*) for each key transition state at each temperature. These acquired Gibbs energies where plotted
against the temperature at which they were obtained to separate the contribution of enthalpy (AH)
and entropy (AS*). The activation energy (Ea#) and pre-exponential factor (As) for the forward reaction
step are derived from the activation enthalpy and entropy as follows:

Eqry = AH* + R. Ty, (10)
ky.T, ast
Af = %_el-'— R (11)

With T, the average temperature across the tested temperature range, i.e., 518K, ky the Boltzman
constant and h Planck’s constant. Reverse activation energies and pre-exponential factors are modified
accordingly to ensure equilibrium values are not affected. By separation of these two contributions the
acquired model can predict temperature effects at other temperatures.

3 Results and discussion

3.1 Experimental effect of Si/Al ratio

To investigate the effect of the Si/Al ratio within a specific zeolite lattice, in this case HZSM-5, a full
conversion and selectivity analysis was performed under dehydration conditions. The activity is
expressed per site time, which accounts for the different number of acid sites per catalyst mass and
therefore ensures to exclude effects caused by the difference in acid site density on the activity. The
obtained conversion versus site time plot is shown in Figure 2.
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Figure 2: Conversion (Xsuon) as function of site time for HZSM-5 at four different Si/Al ratios: 15 (M, red), 25( A,
blue), 40(x, orange) and 140(e, black) at 513K and P%uon = 29kPa. Lines are added to guide the eye. Error bars
represent the 95% confidence interval determined by repetition experiments.

As can be observed in Figure 2, a decrease in Si/Al ratio leads to an increase in activity . This indicates
a significant effect of the Si/Al ratio on the catalyst activity. These trends contradict the general
understanding of the NNN principle [40], which states that an increase in Al-atoms in the vicinity of
other Al atoms (i.e., a decrease in Si/Al ratio) decreases the overall acid strength of acid sites, resulting
in a decrease in activity. In agreement with the observed experimental results in this work,
Semelsberger et al. [56] observed a strong decrease in activity for the hydrolysis of dimethylether on
HZSM-5 when increasing the Si/Al ratio from 40 to 140.

Regarding selectivity no significant differences with varying Si/Al ratio are observed over the full
conversion range, as illustrated in Figure 3. Clearly, double bound isomerisation increases with an
increase in conversion. As 1-butene selectivity remains roughly constant around 0.2 mol/mol, the cis-
and trans-isomers selectivity steadily increases from 0.05 to 0.32 for cis-butene and from 0.1 to 0.52
for trans-butene. No iso-butene is detected under these conditions, which is in agreement with the
general assumption that higher temperatures are requierd for skeletal isomerization to occur [22, 36].
However, these trends are in contrast to Palla et al. [44] who observed a change in selectivities with
changing the Si/Al ratio within HZSM-5 at identical WHSV of 2.99 h': for a decrease in Si/Al ratio the
intermediary ether is decomposed at higher conversion, whilst the butene isomer formation is
increased. But it has to be noted that these claims were made at different conversion level (84 %, 96%
and 97%), rather than at the same site time, which most likely would have resulted in the same
conversions and selectivities. In this work, selectivities are compared at identical conversion of
butanol.

Similar results to the work of Palla et al. [44] on butanol dehydration, were observed by Talukdar et al.
[45] for the dehydration of ethanol. They noticed that selectivity towards oligomerization and cracking
products increased with a lower Si/Al ratio. Their work compared selectivities at identical WHSV, which
again neglects the varying number of active sites. Van der Borght et al. [30] investigated the effect of
site time, which includes the change in the number of active sites, on the dehydration of ethanol on
H-ZSM-5 to higher carbons and concluded that the site time has significant effects on the selectivity,
even when full conversion of ethanol is reached. It is thus impossible to correlate the effect of Si/Al
ratio with experiments which do not account for the number of active sites of each catalyst.

10



0.6 0.6
1-butene cis-butene
0.4 A 0.4 A
.
7 **E - §
L

o \RBMERY Phitdys | o) gEdt
= %
5 ¢
E 0.0 T T T 0.0 T T T
° 0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
£ |os 0.6 T
;1 trans-butene T n-di-butylether

X <
mT )
0.4 T§§l§ 0.4 *E
"Ei NI
= * t TEH o1
[T & T *
%& 1T+ I
0.2 A 0.2 A
7 & ' i
4 "
0.0 . . ‘ 0.0 . ‘ L
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00

Xguon (Mol mol?)
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The shift in activity without affecting the selectivity-conversion relation is a concept that has been
extensively found for the catalytic cracking of alkenes over different zeolites with different acid
strength distributions [57, 58]. Dumesic et al. [59] related these trends to the average acid strength of
the catalyst. With the aid of microkinetic modeling a catalyst descriptor AH* was introduced, which
represented the stabilization enthalpy of the alkylcarbenium ion by the zeolite, relative to the
stabilization enthalpy of a proton by the zeolite. This catalyst descriptor equally affects all the
carbenium-like species (intermediates and transition states), resulting in the typicall shift of activity
without affecting the selectivities. This descriptor has a clear relation to the acid strength distribution
of the zeolite as the stabilization of these carbenium species occurs at the acid sites within the zeolite
[60]. This approach has been widely utillized to explain the effects of acid strength distribution within
one specific type of zeolite for cracking reactions [61-64] and to model the effect of different Si/Al
ratios within a single zeolite [65-67], as the Si/Al ratio can be related to a change in average acid
strength.

This approach could possibly be employed to explain our observed experimental results in the
dehydration of butanol, as similar trends in activity and selectivity as function of the Si/Al ratio can be
observed for the dehydration of n-butanol and cracking reactions on HZSM-5. As shown in Table 1, the
desorption energy of NH; drops from 135 kJ mol™* for a Si/Al of 15 towards 103.3 kJ mol™ for the Si/Al
value of 140 indicating a rather large effect of the Si/Al ratio on the adsorption capability of HZMS-5.
This relation is in accordance with work by Ferreira et al. [46] and Opalka et al. [38] who studied the
adsorption of different molecules, hexane and iso-propylamine respectivly, in HZSM-5 and report an
increase (more negative) in adsorption enthalpy with decreasing Si/Al relation.
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3.2 Microkinetic modeling for Si/Al ratio = 25

To understand and validate the effect of Si/Al ratio on the dehydration reaction a microkinetic model is
constructed based on a model reported by John et al [34, 35] for H-ZSM-5 with a Si/Al ratio of 95. This
base model is further modified as described in section 0. All elementary steps can be consulted in Table
S1 with their kinetic parameters in table S2 in the supporting information. Visualization of the chemical
structure of each surface species is also available in Figure S3. As described in section 0, the key
transition states were identified for activity and selectivity towards all formed products based on a
degree of rate control analysis. Results of this analysis can be found in Table 2.

Table 2: Degree of rate control analysis (X7rcn) results for all transition states in the used microkinetic model
based on literature by John et al. [34, 35] at 513K at a site time of 1.05 mol s mol. Analysis was used to investigate
the effect of the conversion, represented as Activity, and the Selectivity of the four formed components 1-butene,
di-n-butylether (DBE), cis-2-butene and trans-2-butene. Bold reactions indicate identified key elementary
reaction steps. Elementary steps not shown in this table are equilibrated.

. Selectivity
" Elementary steps Transition Activity cis-2- trans-2-
states 1-butene DBE
butene butene
M1 ¢> W + 1-buteneg TS1 0.00 0.00 0.00 0.00 0.00
‘M1 Cl TS2 0.00 0.01 -0.01 0.00 0.00
® M2 > 1-butene* + H20(g) TS3 0.01 0.35 -0.51  -0.05 -0.05
#M2 ¢ butoxy + H20 TS4 0.00 0.00 0.02 0.00 0.00
*butoxy <> 1-butene* TS5 0.00 0.03 -0.06  0.00 0.00
2D2 ¢ C2 + 1-buteneg) TS6 0.00 0.01 -0.01  0.00 0.00
“D2 ¢> DBE* + H20() TS7 0.17 0.02 0.57 0.05 0.05
17C3 <> DBE* (Sn2) TS8 0.00 0.00 0.00 0.00 0.00
'8C3 <> DBE* (Sn1) TS9 0.00 0.00 0.00 0.00 0.00
Y DBE* ¢> C4 TS10 0.00 0.86 -1.57  -0.01 -0.01
22DBE2 <> 1-butene* + BuOH TS11 0.00 0.00 0.00 0.00 0.00
D1 ¢> C2 + trans-2-buteneg) TS12 0.00 0.00 0.00 0.00 0.00
2*DBE* €> M1 + trans-2-buteneg) TS13 0.00 0.00 -0.46  0.00 1.00
»1-butene* ¢ trans-2-butene* TS14 0.00 0.00 0.00  0.00 0.00
7 1-butene* <> 2-butoxy TS15 0.00 0.00 0.00 0.00 0.00
?82-butoxy <> trans-2-butene* TS16 0.00 0.00 0.00  0.00 0.00
D1 4> C2 + cis-2-buteneg TS18 0.00 0.00 0.00 0.00 0.00
0 DBE* ¢> M1 + cis-2-buteneg) TS19 0.00 0.00 -0.46 1.00 0.00
*12-butoxy ¢ cis-2-butene* TS17 0.00 0.00 0.00 0.00 0.00

Five key reaction steps where determined: (i) reaction 6, the formation of adsorbed 1-butene (butene*)
and gaseous water from absorbed butanol species (M2); (ii) reaction 14, the formation of adsorbed di-
n-butylether (DBE*) from adsorbed butanol dimer surface species (D2); (iii) reaction 19, the
decomposition of adsorbed di-n-butylether (DBE*) towards co-adsorbed 1-butene and n-butanol (C4)
(iv) reaction 24, the direct decomposition of DBE* towards gaseous trans-2-butene and adsorbed
butanol (M1) and (v) reaction 30, direct decomposition of DBE* towards gaseous cis-2-butene and
adsorbed butanol (M1). Visualization of all surface species is available in Figure S3 of the supporting
information. For these reactions linear regression of the Gibbs energies of activation (AG*) was
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performed as stated in section 0 on a data set acquired on a HZSM-5 catalyst with a Si/Al ratio of 25
over a site time range of 0 — 10 mol s mol*! at 4 different temperatures (503K, 513K, 523K and 533K).
From AG* as a function of temperature, the activation energies and pre-exponential factors for the key
reactions are obtained.

Initial linear regression with these 5 parameters gave an inadequate fit and could not predict the
formation of 2-butene isomers at very low conversion. To account for these effects two reaction steps
were included in the regression: reaction 23 and 29, i.e., the formation of gaseous trans-2-butene and
cis-2-butene from adsorbed butanol dimer surface species D1. These steps were chosen as these are
the only elementary steps that result in the direct formation of cis- and trans-2-butenes from butanol.
These reaction steps initially had high energy barriers, resulting in low contributions of these paths to
gaseous species. This possibly explains the lack of sensitivity found in the degree of rate control, as a
small change in the Gibbs energy will not result in sufficient changes to the overall selectivity and/or
activity. The Gibbs energies of activation of these in total 7 key reactions were used as variables for
the fitting process with the experimental results, for a silica to alumina ratio of 25, as described in
section 0. The results of this process are shown in Table 3.

Table 3: Forward activation energy with 95% confidence intervals (Eq()), pre-exponential factors (As) and rate
coefficients at 513 K obtained from parameters estimation vs. the original DFT-calculated values from John et al.
[34, 35].

Eain (k) mol?) As (sY) Ke(s13x) (s2)

"Reactions John This John et al. This John et This

et al. work work al. work
M2 <> 1-butene* + H20(g) 53 45+3 9,0 x 10™ 8,9 x 10™* 3,61 x 10° 2,21 x 10%°
14D2 <> DBE* + H20g) 93 102+3 1,4 x 10* 1,4 x 10% 4,75 x 10* 5,35 x 10°
P DBE* &> C4 140 163+4 2,5 x 10 2,5 x 10% 1,39 x 10° 5,65 x 10°
3 D1 &> C2 + trans-2-buteneg) 201 165+ 4 4,9 x 10%° 49x10* 1,67x10°  7,34x10?
24DBE* ¢> M1 + trans-2-butene(g) 171 174+ 4 3,8 x 10%° 3,8x10® 1,47x10?% 6,96x10°
PDl1<¢>C2+ cis-2-butene() 201°2 1694 4,9 x 10*>2 4,9 x 10%° 1,67 x 10° 3,33 x 10?
30 DBE* ¢<> M1 + cis-2-buteneg 1712 173 +£4 3,8 x 10%>? 3,8x 10% 1,47 x 1072 1,01 x 102

a kinetic parameters were taken from the similar reactions for the formation of trans-2-butene

To achieve a good agreement between the experimental result and the results of the micro kinetic
model, shown in Figure 4 and Figure 5, the generally minor adjustments shown in Table 3 were
necessary. Overall the re-estimation of the activation energy of the identified key reaction steps were
essential to achieve an appropriate fit of the model with the experimental results, whilst pre-
exponential factors remained unaltered. The activation energy of the parameters that were selected
based on the degree of rate control remain, also after the parameter regression procedure, very close
to the original ab initio values of John et al. (changes of the order of several klJ/mol with an outlier to
23 kl/mol). This illustrates that the actual chemistry very likely follows the DFT-predicted reaction
pathways. Nonetheless, these small changes are essential to achieve an adequate agreement of the
model predictions with the experimental results. The activation energies of the parameters which
enable the formation of 2-butene isomers at very low conversion (reaction 23 and 29) were modified
by larger amounts, -40 and -37 kJ/mol for reaction steps 23 and 29 respectively. Probably this reaction,
the formation of 2-butenes of the D1 intermediate, follows a different (lower activated) mechanism
than assumed in the DFT modeling.
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Figure 4: Xsuon as function of site time for HZSM-5 at four different temperatures: 503K (blue), 513K (red), 523K
(black) and 533K (orange) at p%suon = 29 kPa and a Si/Al ratio of 25. Lines represent model simulated results with
re-estimated transition states. Error bars represent the 95% confidence interval.

With these estimated parameters, an adequate fit is achieved with the experimental results as shown
in Figure 4 and Figure 5. Fitting of the model parameters thus results in an overall increase of the
activity as compared to the original DFT model, which is also reflected in a decrease of 8 kJ/mol in the
apparent activation energy and in the energetic span[68], visualized in Figure S4 of the Supporting
Information and is related to a decrease in the activation energy of reaction 6. Simulated conversion
as a function of site time shows the best agreement to experimental results at the highest temperature
(see Figure 4). As temperature is decreased, a less adequate fit is found with the experimental data. It
does however indicate a trend of decreased activity with lower temperatures. As for selectivities, an
excellent agreement with the experimental data across the four different temperatures is achieved
(see Figure 5).
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503 K 513K
0.80 1 0.80
0.60 - 0.60
0.40 1 0.40
o2 0.20
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Figure 5: Selectivity (Si) as a function of conversion (Xsuon) at four different temperatures: 503K, 513K, 523K and
533 of the different reaction products (1-butene (red), cis-2-butene (orange), trans-2-butene (black) and di-n-
butylether (blue)). Lines represent model simulated results with re-estimated parameters (see Table 3).
(p%suon=29kPa, Si/Al=25). Error bars represent the 95% confidence interval.
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A peculiar experimental trend, for the three highest temperatures, is also predicted by the model
where the conversion of butanol, which typically slows down with increasing site time, increases
rapidly after a certain point of conversion. Across the three highest temperatures, the point of change
is around 0.65 mol/mol conversion as seen in Figure 4. It is also clearly visible that the selectivity at
low conversion is highly affected by the increase in temperature. The biggest changes are related to
the selectivity towards 1-butene and di-n-butylether: with increasing temperature the formation of 1-
butene is increased at the cost of the formation of the ether. Generally, the di-n-butylether formation
is suppressed whilst the formation of all butenes is increased with increasing temperature.

Investigation of the reaction rates of the different significant paths depicted in Figure 1 show that some
paths are more effected by the increase of temperature, see Figure 6 (details for all paths for the
formation of each gaseous species can be found in Figure S5 in the supporting information). Paths
absent in Figure 6 are paths C, E and H which are all related to decomposition of di-n-butylether
towards 1-butene, trans-2-butene and cis-2-butene respectively. This indicates that the decomposition
of di-n-butylether in general is not the dominant mechanism for the formation of butenes, occurring
at the tested temperature ranges. The dominant mechanism for the formation of butenes is generally
occurring via the direct pathways being Path A, D and G for 1-butene, trans-2-butene and cis-2-butene
respectively. Also, path J, the cis-trans isomerization of 2-butene, is not shown since this reaction
pathway is not occurring in the tested ranges. All formation of cis-2-butene is occurring via
isomerization of 1-butene (path I).

The top panels of Figure 6 show a strong increase of the net reaction rate of path A (light green) with
increasing temperature compared to others, especially compared to the rate of path B (blue). This
explains the shift of the increased selectivity towards 1-butene, whilst decreasing the formation of di-
n-butylether as path A is the direct formation of 1-butene and path B the formation of di-n-butylether.
Also a large shift in overall dominant pathway is occurring at each temperature, namely from path B
to path A. This shift is occurring at a lower conversion with an increase in temperature, which also
explains the difference in selectivity across the full conversion range, towards di-n-butylether observed
in Figure 5 with an increase in temperature. Also, for the formation of 2-butenes a shift in dominant
path is also occurring. At low conversion the formation of trans- and cis-2-butene is dominated by
direct formation from the adsorbed dimer D1 (paths D(black) and G(yellow) respectively), whilst at
higher conversion the dominant path is shifted to the isomerization paths starting from 1-butene* over
2-butoxy (paths F(orange) and I(grey) respectively).
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Figure 6: Model simulated net rates (top half) for the different paths (Path A: light green; Path B: blue; Path D:
black; Path F: orange; Path G: yellow; path I: grey) which account for the largest contribution for the formation of
gaseous species and model simulated surface coverages (bottom half) of interesting species (DBE*: red; free sites:
Light blue; D1: purple; M2: green) as function of conversion (Xsuon) at 3 different temperatures which show an S-
like conversion profile (513K, 523K and 533K) at p%u0+=29 kPa and a Si/Al of 25.

As for surface coverage it is clearly visible that the surface is dominated by adsorbed di-n-butylether
(DBE*, red) and adsorbed butanol dimer D1 (purple). The high coverage of these species is strongly
related to the low Gibbs energies of these intermediates, which are the most negative of all surface
species. A representation of the standard Gibbs energies, at 513K, of all surface species is available in
Figure S6 of the Supporting information. The coverage of DBE* reaches a maximum for a conversion
of 0.45 to 0.7, which is clearer with the non-logarithmic scale in Figure 7.

These maxima in DBE* coverage (in Figure 7) across the three temperatures can be linked to the ‘S-
like’ conversion profile of Figure 4: a shift of these maxima to lower conversion occurs at an increased
temperature, but also a decrease in maximum surface coverage. Comparing the location of these
maxima of the DBE* coverage it is indicated that the inflection point on the conversion S-curve is
occurring at exactly the point of maximal DBE* coverage. This indicates an inhibition effect caused by
the adsorbed di-n-butylether. As the surface is ‘poisoned’ by the strongly adsorbed ether all rates
decrease (as is indicated in Figure 6), decreasing the overall activity and thus conversion of n-butanol.
After reaching the adsorbed maximum, the inhibition effect decreases and the overall activity of the
catalyst will increase. This explains the peculiar experimental trend for the conversion of n-butanol,
which is particularly strong at the highest temperature of 533K.
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Figure 7: Model simulated surface coverage of adsorbed di-n-butylether (0) as function of conversion (Xsuon) at
513K (red), 523K (black) and 533K (orange), p®suon=29 kPa and Si/Al=25.

It is also worthwhile to have a closer look on the fraction of free sites in Figure 6, as these will have a
large effect on the overall activity of the catalyst, the fraction M2, which is the key intermediate for
the reaction path A involving the direct formation of 1-butene and D1, the second most abundant
surface species. All these coverages show a minimum as function of the conversion and a shift with
increasing temperature towards lower conversion is also clearly visible. These ‘key points’ always occur
in a fixed sequence and eventually contribute in the maximum of DBE* coverage, see Figure 8. With
increasing conversion, first the number of free sites reaches a minimum, followed by a minimum in
coverage of the path A intermediate M2, with lastly the maximum DBE* coverage closely followed by
a minimum in D1. Due to this sequence the maximal coverage of di-n-butylether is reached: as more
active sites become available, the key intermediate for the competitive path A (M2) increases, leading
towards a proportional lower formation of di-n-butylether resulting in the maximum of ether
coverage. Avisualization of this sequence of events, and other interesting events, is visualized in Figure
8. This figure also clarifies the similar site times for the inflection point and the maximum coverage of
DBE*. Another interesting aspect is the shift in dominant pathway, which is highly affected by the
temperature, as the tipping point is located at a site time of 0.05, 0.64 and 3.23 for 533 K, 523 K and
513 K respectively.
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Figure 8: Visualization of the location (site time) of critical points (staves; minimum of free sites (orange),
minimum coverage of M2 (grey), maximum coverage of DBE* (blue), minimum coverage of D1 (yellow), dominant
path shift from path B to A (green)) throughout the microkinetic reactor overlaid with the conversion of n-butanol
(lines; right side axis; red = 513K, black = 523K, orange = 533K) at three temperatures (513K, 523K & 533K) at a
Si/Al=25.
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Overall it can be concluded that the presence of di-n-butylether affects the catalyst performance in a
negative way, as it results in an inhibition effect due to the highly stabilized chemisorption on the active
sites of H-ZSM-5. To achieve the best results, it is important to decrease the formation of di-n-
butylether as much as possible. Increasing the temperature with relatively small steps (10 K) incurs
large shifts in activity, and it is thus highly recommended to perform the dehydration at temperatures
above 520 K. Generally, these simulated trends adequately predict the experimental results and thus
this model can be used as a base model to implement and understand the effect of the Si/Al ratio.

3.3 Extension of the kinetic model with effect of Si/Al ratio

The effect of silica to alumina ratio (experimentally observed in section 3.1), which is essentially the
effect of varying the adsorption strength, is captured in the model by introducing an additional
parameter that modifies the adsorption enthalpy, as also used to model the cracking of alkenes across
different Si/Al ratios[57, 58, 61-64]. This parameter, AAH, is defined as the modification of the
adsorption enthalpy of the reactant n-butanol. In order to conserve the overall thermodynamic
equilibrium in gas phase, the desorption steps of butenes and ether are modified with -AAH. This
results in an overall shift of the Gibbs energies of each intermediate and transition state with this value,
meaning the thermodynamics and kinetics of the surface steps are not affected. A negative value of
this parameter results in stronger adsorption caused by a more negative Gibbs energy and thus more
stable adsorbed species. A visualization of this shift is available in Figure S6 of the Supporting
Information. A positive value results in the opposite effect. This parameter is then used as a single
parameter in the regression of the model output to the experimental data for the Si/Al ratios of 15, 40
and 140, according to the procedure described in section 0.

Validation of the assumptions made to construct a model describing the experimental results are
shown in Figure 9 and Figure 10. These figures show the result of estimating the AAH parameter for
the different Si/Al ratios at 513K. Comparing model results across the different values for this
parameter (and thus Si/Al ratio), an increase in activity is found with a more negative value of AAH.
This is expected as gaseous species will be more strongly stabilized at the surface resulting in higher
rate of adsorption or slower desorption of formed species. As expected, no effect is observed on the
overall selectivity-conversion profile in the used range: the intermediate steps are not affected and
the adsorption steps are affected similarly, making the selectivity-conversion profile independent of
this parameter. Figure 10 illustrates this effect clearly by the overlap for all four simulations for Si/Al
of 15, 25, 40 and 140. The agreement between experimental results and model predictions confirms
that the key steps controlling the selectivity are independent of the adsorption strength.

Note that AAH modifies the activity while the energetic span of the model remains unaltered (see
Figure S7 in the supporting information) indicating that the observed activity differences related to the
Si/Al ratio cannot be captured by the simplifying assumptions inherent to the concept of energetic
span [68]. The activity trend can however be related to the apparent activation energy, as this is altered
with an identical value as the AAH parameter, i.e., a negative AAH value results in a decrease in
apparent activation energy resulting in the increase in overall activity, since the energy of the gas-
phase reactants and reaction products remains unchanged but the transition state energies are shifted
with AAH. An indication of the effect of the AAH parameter on the Gibbs energy profile is available in
Figure S7 of the supporting information.
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Figure 9: Conversion (Xguon) as function of site time for HZSM-5 at four different Si/Al ratios: 15 (black, AAH=-4,8 k) mol?), 25
(orange, AAH=0 kJ mol?), 40 (blue, AAH=5.3 k] mol?) and 140 (red, AAH=11.3 kJ mol?) at 513K and p%.on = 29 kPa. Lines
represent model simulated values. Error bars represent the 95% confidence interval.

These results are indicative of a strong effect of Si/Al ratio related to the adsorption strength of
reactants and products. As seen in section 2.1 in Table 1, the adsorption strength strongly decreased
with an increased Si/Al ratio, which is also necessary to achieve a good fit of model predictions with
the experimental results.
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Figure 10: Selectivity (Si) of the different reaction products (1-butene, cis-2-butene, trans-2-butene and di-n-butylether) as a
function of conversion (Xsuown) at four different Si/Al ratios: 15 (black, AAH=-4,8 kJ/mol), 25 (orange, AAH=0 kJ/mol), 40 (blue,
AAH=5.3 kJ/mol) and 140 (red, AAH=11.3 kJ/mol). Lines represent model simulated results. (513K ; p%suon=29 kPa). Error bars
represent the 95% confidence interval.
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Indirectly this approach indicates a non-saturated surface (for a Si/Al ratio of 25), as it is possible to
adsorb more molecules by increasing the adsorption strength to achieve a good fit at a Si/Al ratio of
15. As for the higher Si/Al ratios (40 and 140) the overall surface coverage is decreased due to the
positive value of AAH, as is illustrated by the surface coverages shown in Table 4 which represent the
surface coverages of the dominant species for each model simulation at the initial conditions, i.e., at a
zero conversion.

It is clearly visible that decreasing the adsorption strength of n-butanol, represented by an increasing
value of AAH, leads to a decrease in the coverage of all surface species (Table S3). This decrease is for
each component proportionally the same and is the most clearly visible for the dominant species: M1,
D1 and DBE* (Table 4). When decreasing the adsorption enthalpy (less negative), which corresponds
to increasing the Si/Al ratio, the total coverage (derived from equation (7)), 1 minus the number of
free active sites (8") is decreased as the number of free sites increases starting at 1.000 to 0.999, 0.997
and 0.990 for respectively a Si/Al of 15, 25, 40 and 140. This shows that overall less species are present
at the active sites, resulting in an overall decrease of activity. Also, as the coverage of each species is
decreased proportionally for each Si/Al ratio, an equal proportional shift of all reaction rates occurs,
resulting in the identical selectivity-conversion relation for each Si/Al ratio as shown in Figure 10.

Table 4: Estimated values of AAH (with 95% confidence intervals) and model simulated initial surface coverages, i.e., at
Xsuon=0, of the dominant species at the four different values of AAH (k) mol1), related to four different Si/Al ratios (15, 25,
40 and 140) at T=513K, p%on = 29 kPa.

Coverages
Surface species  Si/Al: 15 25 40 140
AAH: -4.8+2.3 0.0 53+31 11.3+2.6
Free Sites 3.12E-07 1.57E-05 3.08E-03 1.05E-02
M1 2.13E-03 2.13E-03 2.12E-03 2.10E-03
D1 9.98E-01 9.98E-01 9.94E-01 9.87E-01
DBE* 3.26E-04 3.26E-04 3.25E-04 3.22E-04

Overall it can be concluded that the introduction of this AAH parameter into the model allows to
accurately capture the effect of the Si/Al ratio on the dehydration of n-butanol towards butenes.

4 Conclusions

Dehydration of butanol towards butenes over different zeolite catalysts can be utilized as an
alternative drop-in approach towards classic refineries, were the obtained butenes can be used as a
green feedstock for a range of products.

Experimental investigation of the effect of Si/Al ratio within HZSM-5 showed a decrease in activity of
the catalyst per active site with increasing Si/Al ratio, without affecting the selectivity profile. The
average adsorption strength of NH; on the catalytic sites indicated that the increase in Si/Al ratio
results in weaker adsorption on acid sites.

To understand the underlying effects, a microkinetic model was constructed at a Si/Al ratio of 25 based
on literature DFT calculations. This model was further optimized by linear regression of seven key
reaction rates to experimental data at four different temperatures. The necessary modifications were
mainly correlated to the activation energies of the transition state of the identified reaction steps, with
a neglect able change in pre-exponential factors. This resulted in an adequate model for the
dehydration of butanol across the tested temperature range of 503K to 533K.
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In this model, the effect of Si/Al ratio was modeled using an additional AAH parameter, in a similar
fashion to modeling on alkene cracking, which modifies the adsorption strength of the intermediates
in the model. With this parameter, a good agreement for all Si/Al ratios was found by varying the value
between -4.8 to +11.3 ki/mol in the range of Si/Al from 15 towards 140, which corresponds to stronger
adsorption at low and weaker adsorption at high Si/Al ratios. With these variations in AAH, it was found
that the catalyst surface is not fully saturated and hence, an increase in adsorption strength resulted
in an overall higher surface coverage. With this increase in overall coverage, the distribution of surface
species stayed unaffected, resulting in a shift in activity without affecting selectivity-conversion
profiles, which is in agreement with the obtained experimental results.
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