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Abstract

The desorption of methanol and dimethyl ether has been studied over fresh and hydrocarbon-occluded ZSM-5 catalysts
with Si/Al ratios of 25, 36 and 135 using a temporal analysis of products reactor. The catalysts were characterized by XRD,
SEM, N, physisorption and pyridine FT-IR. The crystal size increases with Si/Al ratio from 0.10 to 0.78 pm. The kinetic
parameters were obtained using the Redhead method and a plug flow reactor model with coupled convection, adsorption
and desorption steps. ZSM-5 catalysts with Si/Al ratios of 25 and 36 exhibit three adsorption sites (low, medium, and high
temperature sites), while there is no difference between medium and high temperature sites at a Si/Al ratio of 135. Molecular
adsorption on the low temperature site and dissociative adsorption on the medium and high temperature sites give a good
match between experiment and the plug flow reactor model. The DME desorption activation energy was systematically
higher than that of methanol. Adsorption stoichiometry shows that methanol and DME form clusters onto the binding sites.
When non-activated re-adsorption is accounted for, a local equilibrium is reached only on the low and medium temperature
binding sites. No differences were observed, other than in site densities, when extracting the kinetic parameters for fresh and
activated ZSM-5 catalysts at full coverage.
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of desorption

1 Introduction

Alternative carbon sources such as biomass are vital for the
secure and sustainable production of fuels and chemicals
in the twenty-first century. Methanol can be produced via
syngas obtained from such renewable feedstock and trans-
formed into hydrocarbons (MTH) over zeolite catalysts [1].
ZSM-5 zeolite catalysts, typically used for MTH conver-
sion, have a three-dimensional (3D) pore structure with
10-membered-ring pores consisting of sinusoidal channels
(0.51 nmx 0.55 nm) intersecting with straight channels
(0.53 nmx0.56 nm) [2]. The channel intersections have a
critical diameter of 0.9 nm [3]. This 3D pore structure is
responsible for its high selectivity and catalyst stability.

During the MTH process over ZSM-5 catalysts, metha-
nol initially undergoes a rapid equilibration reaction leading
to the formation of dimethyl ether (DME) and H,O. Read-
ily available oxygenates (methanol and DME) compete for
active sites [4]. Several pieces of theoretical work [5-7]
have considered the adsorption energies of initial species
over ZSM-5 catalysts. Density functional theory (DFT)
calculations of the adsorption of one methanol molecule
onto an active site give activation energies in the range of
104-139 kJ mol~! [5, 8, 9]. Blaszkowski and van Santen
[10-12] showed that the simultaneous adsorption and acti-
vation of two methanol molecules towards the formation of
DME and H,O excluding surface methoxy group formation
is the preferred pathway. However, surface methoxy groups
have been readily observed with stopped flow NMR studies
over ZSM-5 catalysts [13]. These surface methoxy groups
can be formed by the adsorption of methanol or DME. The
presence or absence of surface methoxy groups, necessary
to validate the computational studies, can be linked to the
dissociative or associative adsorption behaviour of oxygen-
ates respectively.

During steady state MTH conversion, the operation of a
hydrocarbon pool mechanism which regulates product dis-
tribution over zeolite catalysts is dominant [14, 15]. Within
this hydrocarbon pool framework, two catalytic cycles have
been readily distinguished: an alkene cycle and an aromatic
cycle. Over ZSM-5 catalysts, the transformation of methanol
can be tuned towards light olefin production (MTO) at high
temperatures and low pressures [16—19]. The underlying
chemistry involves chain growth and cracking where larger
molecules obtained through methylation by surface methoxy
groups (CH;*Z™) crack to give a product distribution rich in
light olefins [20]. To obtain a detailed understanding of this
reaction mechanism, it is important to confirm the origin of
these surface methylating species.

A current lack of knowledge on the primary surface reac-
tant, the source of the surface methylating group, has led
to the lumping of methanol and DME in previous experi-
mental and modelling kinetic studies [20—22]. This lumping
methodology is fraught in its usage as it eludes the fact that
both species have different interactions with the sites of the
ZSM-5 catalysts and avoids mechanistic descriptions neces-
sary for a microkinetic model. Detailed understanding on the
adsorption, desorption, and reactivity of initial oxygenates
is necessary to provide site-specific comprehension of the
nature and behaviour of ZSM-5 catalysts.

To verify the source of the methylating species, this paper
provides a site-specific behaviour of the desorption proper-
ties of methanol and DME. Using a temporal analysis of
products (TAP) reactor, temperature programmed desorption
(TPD) experiments of pre-adsorbed methanol or DME were
carried out over various ZSM-5 samples in a thin-zone con-
figuration under vacuum conditions. Key parameters such as
site densities, pre-exponential factors and activation energies
were obtained using a detailed elementary step model i.e. a
plug flow reactor model with coupled convection, adsorption
and desorption steps, which was used to simulate experimen-
tal desorption profiles.

2 Experimental Section

All experiments were carried out with 10 mg of ZSM-5 cata-
lysts of different Si/Al ratios (25, 36 and 135), here referred
to as ZSM-5 (25), ZSM-5 (36) and ZSMS5 (135) respectively.
ZSM-5 (25) was purchased from Zeolyst International while
ZSM-5 (36) and ZSM-5 (135) catalysts were obtained from
BP chemicals. The ammonium form of these zeolites was
pressed, crushed, and sieved to obtain particle sizes in
the range of 250-500 um. The active catalyst was tightly
packed between two quartz wool plugs, with the active
catalyst zone of length 2 mm, in a bed length of 25 mm.
In this arrangement, the thin-zone TAP reactor configura-
tion was approached. The inert quartz tube used to house
the fixed bed, as adapted by van Veen and co-workers [23],
was placed in the metallic body to suppress adsorption and
further reaction on the walls as well as provide mechanical
stability. Anhydrous DME (99.999%) and argon (99.999%)
were obtained from CK special gases Ltd. Ultra-high purity
water-free methanol (99.8%) was purchased from Aldrich.
The experimental set up allowed for the formation of
active H-form of the zeolite catalyst by decomposition of the
ammonium form under vacuum conditions. Probe molecules
(5 vol% DME or 5 vol% methanol in Ar) were fed to the TAP
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system using continuous feeding valves. The concentrations
of probe molecules were calibrated against signal intensity
by passing streams of gas in argon over an inert quartz bed
catalyst of similar dimensions. From the mass spectra data,
sensitivity coefficients were obtained and further used to
obtain the molar flow rates during TPD experiments. Argon
was monitored at m/e =40, CH;OH at m/e =31, DME at
m/e=45, H,0 at m/e=18, CO at m/e =28, CO, at m/e =44,
H, at m/e=2, CH, at m/e=16, C,H, at m/e =27, and C;H¢
at m/e=41. Over ZSM-5 (36) and ZSM-5 (135) only DME
or methanol was observed individually in the desorption pro-
file. However, over ZSM-5 (25), following DME desorption,
there was some release of methanol. Subsequent deconvolu-
tion allowed for the subtraction of minor fragments of other
species from the main species.

2.1 Characterization

The zeolite samples were studied by X-ray diffraction (XRD)
with a Bruker D5005 diffractometer using Cu K, radiation
equipped with standard Bragg—Brentano geometry and a dif-
fracted beam graphite monochromator. The morphology was
characterized using a Carl Zeiss sigma series Field Emission
Scanning Electron Microscope (FE-SEM) at an accelerated
voltage of 20 kV. The crystal size distribution was obtained
from an image analysis software. Nitrogen physisorption
studies were carried out on a Micromeritics 2020 unit. The
samples were degassed by heating to 400 °C under vacuum
(1078 mbar) for 12 h prior to measurements.

2.2 Acid Site Density Determination

Zeolite catalyst samples were calcined in air (50 mL min™")
ex-situ at 450 °C for 2 h. The catalyst powders were then
pressed into self-supporting discs, and loaded into a custom-
made thermogravimetric infrared cell with a CI Precision
MK?2-M5 LM 2-01 microbalance and a Bruker Vertex 70
FTIR spectrometer. The catalyst discs were heated to 215 °C
in N, (10 mL min™) for 2 h to dehydrate the sample before
being cooled to an initial adsorption temperature of 100 °C
where a spectrum was collected. Pyridine was then intro-
duced to the samples by the flow of N, gas over a schlenk
flask containing pyridine. Sample temperature was then
raised to 128 °C. Spectra and the total mass due to pyridine
adsorption were recorded at both temperatures which then
permits absorption coefficients for bands due to two inde-
pendent modes of vibration for Lewis and Brgnsted bound
pyridine to be determined. The values of the absorption
coefficients then permits the individual numbers of Brgn-
sted and Lewis acid sites to be determined [24]. Although
signal to noise ratio in some samples was lower than ideal,
determination of molar absorption coefficients using the
above methodology permitted a cross-check that these were
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consistent with published values [24] and thus a degree of
confidence in the values obtained for the densities of the of
Brgnsted and Lewis acid sites was afforded.

2.3 TPD Experiments

Before the start of each TPD experimental series, the cata-
lysts were pre-heated at 15 °C min~! under vacuum condi-
tions up until 450 °C and held for 30 min before subse-
quently cooled down at 25 °C min~! to room temperature.
TPD experiments were carried out firstly by pre-adsorbing
the pre-treated catalyst with a continuous flow of 5 vol%
methanol or 5 vol% DME in Ar until saturation. Thereafter,
weakly adsorbed species were removed from the surface by
argon flowing at ca. 10~ mol s™! giving a maximum veloc-
ity of 107! m s~!. Thereafter, the catalyst was subjected to
a linear temperature ramp at three different heating rates of
(=5, 15 or 30 °C min~!) until a final set point of 450 °C.
The released gas was analysed using a quadrupole mass
spectrometer (QMS) operating in a multiple ion detector
(MID) mode. The low base pressure (1077 Pa) in the analy-
sis chamber allowed for high detection sensitivity necessary
for quantitative analysis. The effect of initial coverage of
DME (or methanol) was studied separately on ZSM-5 (36)
at a heating rate of 15 °C min~'. The initial coverages were
obtained by an integration of desorption profile.

2.4 Steady State Experiments

The ZSM-5 catalyst was calcined in a 20 mL min~! flow
of 30 vol% O,/N, in a fixed bed reactor at 450 °C and held
for 30 min before cooling down at 25 °C min~! to 370 °C.
Afterwards, the catalyst was subjected to a flow of 1.3 vol%
methanol in nitrogen at 10 mL min~"' for 2 h to generate
the hydrocarbon pool species in the zeolite micropores.
The off-gas was analysed with an online gas chromatograph
(Shimadzu GC-2010) equipped with an Equity-1 column
(90 mx0.53 mm x 3.0 um) and a flame ionization detector
followed by a quadrupole mass spectrometer. The samples
with the hydrocarbon species occluded in the zeolite pores
will be referred to as “active samples” hereafter.

2.5 Desorption Profile Model

Two approaches were used to simulate TPD profiles: (i) the
Redhead method [25] and (ii) the detailed elementary step
model. The desorption profile was firstly deconvoluted and
analysed using the Redhead method. Originally developed
for the desorption of species over metal surfaces, the Red-
head method gives a quick indication of the nature of the
active sites as well as the maximum temperatures of des-
orption, number of binding sites and number of molecules
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(b) ZSM-5 (36)

Fig. 1 FE-SEM of a ZSM-5 (25), b ZSM-5 (36) and ¢ ZSM-5 (135) catalysts

Table 1 Physical properties and acidity of H-ZSM-5 catalysts

Sample BET surface  HK pore vol-  Crystal size ~ Nominal acid-  Total acidity Amount of Lewis Amount of Brgnsted

area (m? g_l) ume (cm? g_l) (SEM, um) ity (umol g_l) (umol g_l) acid sites (umol g_l) acid sites (umol g_l)
ZSM-5 (25) 413 0.154 0.10+£0.02 610 496 140 356
ZSM-5 (36) 410 0.147 0.33+0.05 429 197 80 117
ZSM-5 (135) 358 0.141 0.78 +0.07 116 108 30 78
HK Horvath—Kawazoe micropore volume
Total acidity based on pyridine adsorption at 100 °C
adsorbed onto each binding site. However, there are a few
limitations as discussed in Sect. 3.2.3. 4 i

To overcome these limitations, the detailed elementary
step model was also used as described in Sect. 3.2.5 using ZSM-5 (135)
data obtained from the Redhead method as initial guess val- 3 i
ues for estimation of desorption parameters. The model was I
implemented with a FORTRAN code and used to extract 2z
desorption parameters (site densities, frequency factors and E) M
activation energies) over the ZSM-5 catalysts. The code = L
uses a PDASAC routine to solve the stiff, nonlinear initial- g
boundary-value problem obtained from the desorption pro- &
files [26]. A similar method has been used by Rebrov and M
co-workers [27, 28]. ) i
3 Results i L‘“ ZSM-5 (standard)
0 kst , P | “ |
0 10 20 30 40 50 60

3.1 Characterization

Catalytic active sites can be present inside the zeolite
micropores, the pore mouth, and onto the external surface
of the crystals [29]. FE-SEM images give in depth data into
the crystal structure. Characteristic SEM images of three
zeolite samples with Si/Al ratio of 25, 36 and 135 are shown
in Fig. 1. The mean crystal size data of those samples are
listed in Table 1.

The XRD patterns of the three ZSM-5 samples and a ref-
erence ZSM-5 pattern are shown in Fig. 2. It can be seen

Angle 26 / deg

Fig.2 XRD patterns of the ZSM-5 samples and a reference highly
crystalline ZSM-5 sample (standard) obtained from the database of
the International Zeolite Association [30]

that all three samples are highly crystalline zeolites with
the MFI structure. The higher intensity of the XRD pattern
of ZSM-5 (135) compared to the ZSM-5 (25) and ZSM-5
(36) shows its higher crystallinity. The lower intensities of
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ZSM-5 (25) and ZSM-5 (36) are probably due to their small
crystal sizes which lead to a higher proportion of framework
and structure defects. In Fig. 2, relative intensities have been
plotted to show the similar zeolite characteristics.

ZSM-5 (25, 36 and 135) show a distribution of micropo-
res and mesopores. The BET surface areas and the micropore
volumes of the ZSM-5 samples are given in Table 1.

The IR spectra of pyridine adsorbed on the H-form of
ZSM-5 (25), ZSM-5 (36) and ZSM-5 (135) show features
due to pyridinium ions formed via the protonation of pyri-
dine on Brgnsted acid sites as well as molecular pyridine
on strong Lewis acid sites (Fig. 3). The most evident band
distinguishing molecular pyridine on strong Lewis acid sites
is at 1450 cm™! similar to alumina and silica-alumina [31,
32] while pyridinium ions give rise to the characteristic
band at 1545 cm™! with both forms of adsorption contribut-
ing to the intensity at 1490 cm~! [33]. In addition to this
qualitative assessment, coupling to a gravimetric balance
permitted the total acidity to be assessed (Table 1) along
with the individual contributions due to adsorption on the
different acid sites when coupling balance and FTIR data.
Total acidity follows the trend ZSM-5 (25) > (36) > (135)
which is consistent with the trend for nominal acidity. The
major contribution to base adsorption in all cases was due
to uptake by Brgnsted acid sites (Table 1) with the relative
percentages of this mode of adsorption being 72, 59 and 72%
for ZSM-5 (25), (36) and (135), respectively. At 128 °C, the

7 1490
5 - ZSM-5(25)
1 10.05
1450
] 1
E 1545 - ZSM-5 (36)
9 [0.05 1490
E 1450
3 49
o 1490 - ZSM-5(135)
2 1545
£
< 4
5
< o005
T T T T N T T T T T T T T 1
1700 1650 1600 1550 1500 1450 1400 1350

-1
Wavenumber, cm

Fig.3 FT-IR spectra of ZSM-5 (25), ZSM-5 (36) and ZSM-5 (135)
zeolite samples (previously activated by outgassing at 450 °C), and
then exposed to pyridine vapour at 100 °C and subsequent outgassing
at 128 °C
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relative percentages are 88, 77% for ZSM-5 (25) and (36)
respectively.

3.2 Methanol and DME TPD
3.2.1 Desorption

The rate of desorption, which describes the desorption pro-
file in the absence of activated re-adsorption, is described

by Eq. (1).

Fdes = —‘fl—f =ks0" = 0"A exp (—E,/RT) (1)
where 0 is the surface density of adsorbed molecules (mol
m_3), n is the order of desorption, 7 is the temperature (K),
A, is the pre-exponential factor (s7'), E, is the activation
energy for desorption (J mol~!). At a constant heating rate,
B, K min_l) =dT/dt, the rate of desorption can be rear-
ranged as follows:

do 09"A,
Fies = _d_T = ﬁ

exp (—Ed/RT) )

Desorption profiles of methanol to DME over the ZSM-5
(25) catalyst are compared in Fig. 4. Several features are
observed. Firstly, the rate of desorption of methanol is
higher than that of DME, demonstrating that a larger amount
of methanol molecules occupies the sites and desorbs at any
time. Secondly, the DME desorption profile shifts to the
higher temperatures as compared to that of methanol. This
suggests that DME adsorption is much stronger. Thirdly,
there are several desorption sites as evidenced by the pres-
ence of shoulders in the desorption profiles. This is a com-
mon feature of all TPD profiles over fresh and activated
ZSM-5 catalysts at full initial coverage.

3.2.2 Effect of Variation of Initial Coverage

The initial coverage of the pre-adsorbed oxygenates onto the
fresh ZSM-5 (36) catalyst was varied by altering the adsorp-
tion duration. The initial coverage was obtained by integra-
tion of desorption curves and the total number of acid sites
as determined from FTIR/microbalance data of pyridine
adsorption at 128 °C. It was observed that oxygenates are
adsorbed onto different acid sites in the order of decreasing
strength, with highest energy sites filling up first. Their des-
orption occurred in the reverse order with the lowest energy
sites being emptied first. The integration of Eq. 2 at maxi-
mum temperature leads to a temperature independence of the
peak position on initial coverage for a first order desorption
process and a temperature dependence for a second order
desorption process [34, 35]. Our results suggest that metha-
nol desorption follows a first order kinetics (Fig. 5a) while
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Fig.4 Desorption profiles of methanol and DME over fresh ZSM-5
(25) at 15 °C min~!

DME desorption follows a second order kinetics (Fig. 5b) as
the position of the DME desorption peak decreases at higher
initial coverages.

The discussion above does not consider the fact that the
overall profile can be deconvoluted into different individual
peaks and each desorption peak can have its own desorption
kinetics. While the order of desorption kinetics may vary for
each site, their contributions could still lead to the behaviour
exhibited by the overall desorption profile. Also, it dismisses
the effect of re-adsorption which results in peak broadening
of the desorption profile. Under vacuum conditions in the
TAP reactor, methanol has a maximum saturation coverage
of 0.43 and DME has a maximum saturation coverage of
0.28. Increasing the dosing pressure has been shown to raise
the saturation coverage of adsorbents in similar TPD studies
[36]. Finally, the lower temperature binding sites are only
observed at high coverages.

3.2.3 Effect of Heating Rate

Redhead [25] proposed a method for desorption profile
analysis based on the analysis of maximum temperatures.
An assumption of the order of desorption must be made
first. It is well established that the addition of acids to alco-
hols leads to the formation of a relatively stable oxonium
salt which could decompose under suitable conditions [37,
38]. The same can be observed for DME. Here, the products
are methanol and methoxy groups [39]. This behaviour sup-
ports dissociative (i.e. second order) adsorption. According
to Redhead (25), second order desorption is characterized
by a surface coverage which is half the initial surface cover-
age at maximum temperature. This is evidenced by fitting
symmetrical Gaussian curves over the TPD profiles for each
site. In this case, a plot of (2InT —In B) vs I/T

p.max p.max

~
=Y
-’
©
N

W 0.09 —0=0.06
g 0.08 | —_—0=0.18
3 007 L —0=0.34
© 0.06 —0 =043
2
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o
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T
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= 001}
O r
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Temperature, °C
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2
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L
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0 = 1 1
0 100 200 300 400 500
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Fig.5 The effect of initial coverage on a methanol and b DME des-

orption over fresh ZSM-5 (36) catalyst at a heating rate of 15 °C
-1

min

gives the activation energies of desorption and the desorp-
tion rate constant in the absence of re-adsorption (T,
is the temperature of maximum desorption at each site). In
this method, across heating rates (5, 15 and 30 °C min_l),
the width as well as ratio of the areas across site were kept
constant for each desorbing specie. Starting with an approxi-
mation of second order desorption where methanol dissoci-
ates on the active sites, three desorption sites were observed
over ZSM-5 (25) and ZSM-5 (36) and two desorption sites
over ZSM-5 (135) for both methanol and DME. The three
desorption sites—sites 1, 2 and 3—are here referred to as
low temperature (LT), medium temperature (MT) and high
temperature (HT) sites. A representative example of a DME
desorption profile is presented in Fig. 6.

In the absence of re-adsorption, Fig. 7 gives the desorp-
tion activation energy obtained with the Redhead method.
A common trend can be observed over all ZSM-5 catalysts
studied: the activation energy of desorption of DME is
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greater than that of methanol over fresh ZSM-5 catalysts.
For example, an activation energy of DME desorption
of 42.0 kJ mol~! is higher compared to 31.6 kJ mol~! for
methanol over ZSM-5 (36). Over activated ZSM-5 (36) and
ZSM-5 (135) catalysts, the activation energy of desorption
of DME is greater than that of methanol. However, over
activated ZSM-5 (25), the activation energy of desorption
of DME is less than that of methanol. For completion, other
parameters (desorption frequency factors) for fresh and acti-
vated catalysts are given in S1 and S2 of the supplementary
information respectively.

3.2.4 Amount of Species Adsorbed Onto Each Site

Further analysis of the desorption profiles was carried out
over the zeolite samples to obtain the amount of specie

0.08 =
> A === xpt
3 0.07r LT site
5 0.06 MT site
..Sé 0.05 F —— HT site
= Model
E 0.04
E 0.03 |
g o002}
S o001}
a 0 . .

0 100 200 300 400 500

Temperature, °C

Fig.6 Desorption profile of DME from a fresh ZSM-5 (25) catalyst
at a heating rate of 15 °C min~! with its fitting to 3 sites using the
Redhead method

accessible to each site. The areas under each Gaussian curve
give the amount of species adsorbed onto each site. Analy-
sis was carried out on desorption profiles obtained at 15 °C
min~! as the ratio of each site was kept constant at all heat-
ing rates during data analysis. Thus, the results obtained are
tenable at 5 °C min~! and at 30 °C min~!. The number of
molecules per active sites was derived using nominal acid-
ity (active sites/gram) obtained from Si/Al ratios. The total
amounts of methanol and DME adsorbed on each site of the
fresh ZSM-5 catalysts are given in Tables 2 and 3.

Table 2 shows that more methanol molecules were
adsorbed on each adsorbed site than DME. A clustering
effect has been mentioned previously to account for multiple
molecules on the adsorption site [40].

Tables 2 and 3 show that a lower amount of DME spe-
cies is adsorbed compared to methanol. Given the limited
amount of deactivation (Fig. 8) on the ZSM-5 catalysts after
2 h on stream, the number of molecules adsorbed per active
site is indicative of the occupancy of non-deactivating spe-
cies, possibly the adsorbed hydrocarbon pool, present in the
porous network of the zeolite. It can be readily observed that
the amount of DME species adsorbed stays roughly con-
stant over fresh and activated ZSM-5 catalysts. A similar
behaviour exists for methanol adsorption over ZSM-5 (25)
and ZSM-5 (36). However, a notable difference in adsorp-
tion amount is observed between fresh and activated ZSM-5
(135) catalysts.

3.2.5 Effect of Re-adsorption
A detailed elementary step model that accounts for re-

adsorption and desorption was used to describe the desorp-
tion profiles. The following stoichiometry was used:

60 60 60

50 50 | 50 E B Methanol over
% 20 | 40 E _ 20 E fresh ZSM-5
€ 30 | . 30 : = 30 = B Methanol over
-_i 20 E 20 E E 20 ; activated ZSM-5
*“ 10 = 10 E £ 10 = DME over fresh

o = 0 = = 0 H ZSM-5
ZSM-5 ZSM-5 ZSM-5 ZSM-5 ZSM-5 ZSM-5 ZSM-5 (25)ZSM-5 (36) B DME over
(25)  (36) (135) (25)  (36) (135) activated ZSM-5

(a) LT site (b) MT site (c) HT site

Fig.7 A comparison of activation energy of desorption of methanol and DME over fresh and activated ZSM-5 catalysts over low (LT), medium

(MT) and high (HT) temperature sites
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Table 2 Adsorption stoichiometry over different adsorption sites onto fresh ZSM-5 catalysts
Sample MEOH DME
Molecules/active Molecules/active Molecules/active Molecules/active Molecules/active Molecules/
site—LT site site—MT site site—HT site site—LT site site—MT site active site—
HT site
ZSM-5 (25) 2.7 2.5 3.6 0.8 1.3 3.1
ZSM-5 (36) 34 2.8 6.1 0.9 1.3 2.5
ZSM-5 (135) 2.9 6.9 0 2.3 4.1 0
Table 3 Adsorption stoichiometry over different adsorption sites onto active ZSM-5 catalysts
Sample MEOH DME
Molecules/active Molecules/active Molecules/active Molecules/active Molecules/active Molecules/
site—LT site site—MT site site—HT site site—LT site site—MT site active site—
HT site
ZSM-5 (25) 2.8 2.3 39 0.6 1.8 2.3
ZSM-5 (36) 2.1 2.1 4.1 0.6 1.5 33
ZSM-5 (135) 7.9 11.8 0 2.3 33 0
100
—— — Using initial estimates from the Redhead method (25),
the model allowed for three desorption sites on ZSM-5 (25)
90 F and ZSM-5 (36) and two desorption sites on ZSM-5 (135).
®- P PY —o—o© The desorption profiles on three sites over ZSM-5 (25) and
°:A 30 | ZSM-5 (36) were modelled using a plug flow reactor with
S coupled convection, adsorption and desorption steps (see
§ S3 in supplementary information). The model was adjusted
é 70 | appropriately for ZSM-5 (135) where two desorption sites
®—Z7SM-5 (25) were observed. A comparison of 5 desorption models
—A—7SM-5 (36) (Table 4) to experimental data was made. The comparison
60 |
—8—-7SM-5 (135) of these models was based on a sum of squares error (SSE):
50 L 1 1 1
0 0.5 1 1.5 2 2.5 "

Time on stream, hr

Fig.8 Pre-activation of ZSM-5 samples at 370 °C, 2 h time on
stream (TOS), 10 mL min~' of 1.3 vol% methanol in nitrogen. Pres-
sure =1 bar

Site 1 : CH;OH+ =
= CH;OH

Site 2 : CH;OH + 2 =
= CH; * +OH =

Site 3 : CH;OH + 2 =
= CH; * +OH =

CH,OCH, + * = CH,OCH, *
CH,OCH, + 2 % = CH, * +CH,0 *

CH,OCH, + 2% = CH, * +CH,0 *

where * denotes an adsorption site

Z (Yexpt - Ymodel)2 — min (3)

i

where Y, is the experimental desorption profile and Y o4
is the simulated desorption profile. The best description
(minimum SSE) allowed for a very good match between
dissociative adsorption on MT and HT sites and molecular
adsorption on the LT sites.

As shown in Fig. 7, the Redhead model gives different
values of activation energies of desorption for fresh and acti-
vated ZSM-5 catalysts. With the detailed elementary step
model, such specificity between fresh and active catalyst was
hardly seen albeit in the difference in site densities. How-
ever, major differences arise between methanol and DME
desorption. A sample desorption profile is given at a heating
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Table4 A comparison of

; Model LT (site 1) MT (site 2) HT (site 3) SSE
different models for methanol
dgsorption over ZSM-5 (36) A Molecular adsorption Molecular adsorption Molecular adsorption 3.019
using sum of square error B Dissociative adsorption Dissociative adsorption Dissociative adsorption 2.575
C Molecular adsorption Dissociative adsorption Dissociative adsorption 0.016
D Molecular adsorption Molecular adsorption Dissociative adsorption 3.018
Single site
E Molecular adsorption 2.485
-~ 025 where Y, and Y,, are the rates with and without perturbation
% - - —Expt and F is the perturbation factor. Figure 11 shows the sensi-
E 020 tivity coefficients of each parameter.
= Model
s 019 4 Discussion
=
g 010 4.1 Limiting Factors
g \
r 005 \ The TAP reactor developed by Gleaves and co-workers [42]
% /’ ‘\ is conventionally used for pulse response experiments due
= 0.00 Z - == to its sub-millisecond time resolution. Here, it has been
0 100 200 300 400 500

Temperature, °C

Fig.9 Methanol desorption profile over fresh ZSM-5 (36) at 30 °C
-1
min

rate of 30 °C min~' (Fig. 9). Activation energies of desorp-
tion obtained are presented in Fig. 10. For completion, other
parameters (adsorption and desorption frequency factors) for
all catalysts studied are given in S4 of the supplementary
information.

As can be observed above, the activation energies of des-
orption are higher over ZSM-5 catalysts when re-adsorption
is considered. In all cases, as observed with the Redhead
method, the activation energies of desorption of DME over
the various ZSM-5 catalysts are greater than that of methanol.

Given that the plug flow reactor model with coupled con-
vection, adsorption and desorption steps involving molecular
adsorption on LT sites and dissociative adsorption on MT
and HT sites gives the best match to experimental data, the
sensitivity coefficients of the rate constant of each elementary
step were calculated. To assess the sensitivity coefficient,
each rate constant was multiplied by perturbation factors of
5 or 0.2 while other rate constants were kept constant. The
relative changes in desorption profiles were obtained with or
without the perturbation factor. Subsequently, the sensitivity
coefficient was obtained as presented in Eq. 4 [41]:

_In(Yp/Y,)

ST In(F) @)
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exploited for TPD experiments as its operation under vac-
uum is necessary to reduce the influence of re-adsorption.

Two methods have been used to quantify desorption: the
Redhead model and the detailed elementary step model, both
based on a fundamental Polanyi—Wigner desorption kinetics.
The Redhead model only considers the kinetics of desorp-
tion, while the detailed elementary step model, based on
species balance, also considers possible re-adsorption effects
and fluid flow through the packed bed.

Mass transport effects accompanying desorption have
been discussed in depth in the literature [43—45]. As the
pressures used were much lower than 1 mbar, external mass
transfer to the particle is negligible due to low gas densi-
ties which allow for the absence of a stagnant film around
the particle in the TAP reactor. They are suppressed due to
negligible intramolecular collisions under vacuum condi-
tions [23]. Local temperature spikes are insignificant due
to the very dilute oxygenate mixtures and the presence of
fewer molecules in comparison with the thermal mass of the
bed. In the absence of reaction, the thin-zone configuration
of the TAP reactor allows for decoupling of diffusion from
desorption with or without re-adsorption and eliminates the
concentration gradients along the bed [46]. In the TPD pro-
files obtained, intra-particle diffusion does not limit the des-
orption/re-adsorption process according to the criteria given
in Refs [43, 45, 47]. See S5 in supplementary information.

The TAP reactor has high detection capabilities due to
its low detection limit and offers for an unperturbed shape
of the desorption profiles caused by a direct placement of
the measuring probe and mass spectrometer into the detec-
tion chamber. It is well known that the desorption profile
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Fig. 10 Comparison of the activation energy of desorption of methanol and DME over ZSM-5 catalysts derived using the detailed elementary

step model
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Fig. 11 Sensitivity coefficients for the desorption rates over fresh
ZSM-5 (36) at a heating rate of 30 °C min~'. k_ads_LT is the rate
constant for adsorption over the low temperature site, k_des_LT is the
rate constant for desorption over the low temperature site

for strongly adsorbing molecules such as methanol can be
significantly altered by the adsorption phenomena in the
conventional mass spectrometer equipment which use an
inlet capillary tube [48]. The removal of extra-particle mass
transfer and decrease in the contribution of re-adsorption
phenomena under vacuum conditions in the TAP reactor
shows its immense benefit.

The conventional TAP method of time evolution of short
pulses was originally initiated to be used to decouple adsorp-
tion and desorption of oxygenates (methanol, DME) over
ZSM-5 catalyst following the methodology of Nijhuis and
co-workers [49]. However, the lack of an outlet response
of methanol following an inlet short pulse subjected our
experimental methods to non-conventional methods in TAP

of obtaining adsorption and desorption parameters under
convective flow (see S6 in supplementary information). S6
shows full uptake of CH;OH regardless of temperature dur-
ing pulse experiments and partial uptake of DME with an
increasing response with temperature.

A comparison of experimental data and the detailed
elementary step model leads to the observation of intrinsic
activation energies of desorption. The model considers con-
vection, adsorption and desorption parameters. This means
adsorption and desorption occur at a certain location in the
reactor. However, this is not the case in zeolites as adsorp-
tion and desorption occur in the pore and the released sub-
stance can only move towards the free gas space once it
leaves the pore.

4.2 Comparing Redhead Method to the Detailed
Elementary Step Model

Over the MT and HT sites, both the Redhead method and
the detailed elementary step model allow for dissociative
adsorption (second order desorption). Over the LT sites,
while the Redhead method allowed for dissociative desorp-
tion, molecular desorption was indicative on the LT sites
with the detailed elementary step model (Fig. 8). This disa-
greement between both methods was resolved by conduct-
ing TPD experiments at different initial coverages over the
ZSM-5 (36) catalyst.

As mentioned previously, experiments conducted at dif-
ferent initial coverages showed that molecules fill up the
sites in order of decreasing energies and desorb in order
of increasing energies. At very high coverages, when low
energy sites fill up, the temperatures at which maximum des-
orption occurs stay constant with the coverage over the LT

@ Springer



484

T.Omojola et al.

site. Moreover, alternative models on the LT site assuming
second order desorption gave a poor match between experi-
ment and model. This provided further confidence in the
detailed elementary step model showing that desorption is
first order on the LT sites and second order on MT and HT
sites. In the detailed elementary step model, re-adsorption
leads to broadening on the LT and MT sites. This broadening
effect gave an overlap between desorption temperatures in
the LT and MT sites of ZSM-5 catalyst during methanol and
DME desorption allowing for their direct comparison. In the
TAP reactor, it has been shown that such re-adsorption can
hardly be neglected over porous catalysts [42]. The higher
activation energies of desorption obtained using the detailed
elementary step model is due to re-adsorption effects which
the Redhead method failed to account for.

4.3 Comparing Desorption of Methanol to DME

Methanol readily desorbs from the catalyst before DME
does. The higher activation energy of desorption can be
rationalised through proton-transfer chemisorption occur-
ring through localized oxonium ion/framework anion pairs
(Scheme 1). The binding energies of these oxonium ions are
related to gas phase proton affinities of the adsorbing species
[50]. The adsorption of methanol leads to the formation of
a methoxonium (CH;0H,™) intermediate on Brgnsted acid
sites. On the other hand, the adsorption of DME leads to the
formation of a dimethyloxonium ion (DMO™) intermediate
[39]. The higher activation energies of desorption of DME
compared to methanol over ZSM-5 catalysts suggests that
DME has a higher proton affinity than methanol over Brgn-
sted acid sites. Here, further dehydration of the oxonium
ion intermediates formed to surface methoxy groups when
heated in the TPD experiment occurs with equal propensity
due to equal stability of the methoxy group formation with
DME or methanol adsorption. Also, the probability for DME
protonation is about 2 times higher than methanol suggesting

higher tendencies towards larger activation energies of des-
orption for DME [51].

Higher values of activation energies of desorption of
DME than methanol are generally in accordance with pre-
vious studies [40, 52—-55] but in contrast to values obtained
by Pope [56] through calorimetric methods (Table 5).

Both models show that a higher number of methanol mol-
ecules is adsorbed per active site compared to DME. Clusters
of adsorbed methanol molecules have been proposed in the
cages of zeolite catalysts [40, 55, 57, 58]. Blaszkowski and
van Santen [59] observed the end-on configuration where
the hydroxyl groups of the methanol are directed towards
the basic oxygen of the zeolite as a favourable geometry for
methanol adsorption using density functional theory (DFT)
calculations.

In summary, more methanol clusters are adsorbed on the
zeolite catalyst than DME, although it takes lower tempera-
tures to desorb them from the catalyst surface.

4.4 Effect of Si/Al Ratio on the Desorption Kinetics
in ZSM-5 Catalysts

With the Redhead method, over fresh catalysts, DME has a
higher activation energy of desorption than methanol. After
catalyst activation during MTH conversion, DME still main-
tains a higher activation energy of desorption over ZSM-5
(36) and ZSM-5 (135). However, on the ZSM-5 (25) cata-
lyst, DME has a lower activation energy of desorption com-
pared to methanol. Firstly, it is important to state that the
data obtained from ZSM-5 (25) should be treated cautiously
as during TPD experiments of methanol, minor amounts of
other species were desorbed suggesting a possible interac-
tion between species.

The high acid site density of ZSM-5 (25) leads to a dif-
ferent product distribution (Fig. 12) as compared to ZSM-5
(36) and ZSM-5 (135) catalysts. The product distribution
is representative of the well-established hydrocarbon pool

Scheme 1 Oxygenate dehydra-
tion over H-ZSM-5 catalysts

CH;0H + HZ = CH;0HF +Z~
CH;0H} +Z~ = CHF + H,0

CH3;0CH; + HZ = (CH;),0H* +Z~
(CH3),0H* = CHi + CH;0H

Table 5 Heats of desorption of

) Sample Si/Alratio  Molecules/ Molecules/active site  E (kJ mol™ ) Method Source
species from ZSM-5 catalysts unit cell
obtained from literature
Methanol 36 1-2.5 0.39-0.97 74-107 Calorimetric  (56)
2.5-16 0.97-6.18 47-74
Methanol 15 0-6 0-1 65-85 TPD (53)
6-15 1-2.5 50-65
DME 36 1-2.5 0.39-0.97 20-94 Calorimetric ~ (56)
2.5-10 0.97-3.86 20
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Fig. 12 Hydrocarbon pool distribution over a ZSM-5 (25), b ZSM-5
(36) and ¢ ZSM-5 (135) catalysts at 370 °C, 2 h TOS, 10 mL/min
of 1.3 vol% methanol in nitrogen. Pressure=1 bar. A6=Benzene,
A7=Toluene, A8=Xylene, A9="Trimethylbenzene, A10=Tetra-
methylbenzene

mechanism which is propagated to various proportions due
to dissimilar acid densities of the various ZSM-5 catalysts.
As shown in Fig. 12, ZSM-5 (25) has a lower selectivity of
lower olefins and a higher selectivity of aromatics show-
ing a prevalence of the aromatic cycle after 2 h time on
stream (TOS). The occupancy of sites with prevalent species

from the aromatic cycle over ZSM-5 (25) would lead to a
larger constraint on the mobility of DME than methanol.
Site blockage due to a dominant aromatic cycle on ZSM-5
(25) means that larger molecules such as DME are easily
removed from the zeolite in comparison to methanol. The
occupancy of sites with prevalent olefin species on ZSM-5
(36) and (135) leads to a lower constraint on the mobility of
DME giving the expected behaviour as observed in Fig. 7.
These effects of site occupancy are pronounced when adspe-
cies move on the surface of the catalyst. When re-adsorption
is accounted for as with the plug flow model with coupled
convection, adsorption and desorption steps, these effects
are largely removed.

4.5 Nature of Binding Sites

The desorption behaviour of oxygenates and the zeolite’s
pore architecture should be considered in understanding
the nature of the binding sites. Two desorption sites were
observed with ZSM-5 (135) and three desorption sites
over ZSM-5 (25) and (36). A combination of the detailed
elementary step model and experimental data showed that
molecular adsorption occurs on the LT site while dissocia-
tive adsorption occurs on the MT and HT sites. Furthermore,
re-adsorption occurs on the LT and MT sites only (S4 in sup-
plementary information). The pore architecture shows higher
space constraints in the pore channels (0.53 nm X 0.56 nm
and 0.51 nm X 0.55 nm) than at the pore intersections
(0.9 nm).

The plug flow reactor model accounts for differences
between the desorption profiles of methanol and DME
due to any associated re-adsorption and convective effects.
Methanol binds weakly to sites in comparison to DME as it
has lower activation energy of desorption and hence lower
adsorption enthalpy. However, re-adsorption is much faster
with methanol (see S4 in supplementary information). This
means that methanol can move in the pore system without
much restriction, but it re-binds very easily such that the
recurrent adsorption—desorption process finally becomes
limiting to the motion of the molecule. The higher recurrent
interaction (re-adsorption) of methanol with the active sites
give rise to lower desorption energies compared to DME.

The presence of re-adsorption over the LT and MT sites
suggests a local equilibrium with the gas phase at these sites.
Since the LT site is first order, observed desorption pre-
exponential factors lower than 10'® s™! suggests that ,the
activated complex, just above the binding site, has a lower
degree of freedom compared to its adsorbed state (34). The
limited degree of freedom of the transition state in com-
parison to the adsorbed state is probably due to the cluster-
ing effect of oxygenates at each binding state which further
hinders free movement. Dissociation which occurs in the
zeolite pores allows for a higher partial molar entropy of

@ Springer



486

T.Omojola et al.

the adsorbed oxygenate compared to the gas phase [60]. As
mentioned previously, gases desorb from sites in order of
increasing energies. As gases move from the HT sites to the
LT sites, the surface concentration starts to increase leading
to increasing probability of re-adsorption along the dimen-
sions of the ZSM-5 zeolite.

Consideration of the adsorption stoichiometry (Table 2)
shows that the MT and HT sites over ZSM-5 (25) and ZSM-5
(36) merge to give a MT site on ZSM-5 (135). In fact, the
addition of the number of molecules/active site on MT and
HT sites on ZSM-5 (25) and (36) gives the molecules/active
site on MT sites on ZSM-5(135). This nullifies the concep-
tion that sites disappear over highly siliceous zeolites. TAP
reactor data at low coverages show that over ZSM-5 (25),
sites are relatively populated with active sites distributed
within the zeolite. On increasing the Si/Al ratio, merging
of the sites occurs, leading to isolated sites preferentially
located on the straight channels of the ZSM-5 catalyst [61].

In addition, there is high convergence between the per-
centage of sites from MT and HT (69, 72 and 70% for
ZSM-5 (25), (36) and (135) respectively) to Brgnsted acid
site density at 100 °C (See Table 1 and S7 in supplementary
information). Thus, this simplified microkinetic model along
with pyridine FTIR data would suggest the MT and HT sites
to be of a Brgnsted acid nature and the LT site to be of a
Lewis acid nature. The agreement between the nature of the
sites and their desorption behaviour solidifies this relation-
ship. Accessibility to binding sites and site density using
pyridine FT-IR data is different from oxygenate adsorption.
This is due to the different molecular kinetic diameters,
different temperatures of adsorption and different basicity.
Clearly, the clustering effect on the ZSM-5 catalyst gives a
far higher number of molecules adsorbed (as obtained from
the detailed elementary step model) compared to the density
of active sites obtained through pyridine FTIR.

5 Conclusions

The desorption of methanol and dimethyl ether (DME)
has been studied over ZSM-5 catalysts with different Si/Al
ratios. Three desorption sites were observed over ZSM-5
catalysts, while two of them cannot be distinguished in the
sample with a Si/Al ratio of 135 and were observed as a
single peak. Based on the shape of desorption peaks, it can
be concluded that molecular adsorption takes place on the
low temperature binding sites while dissociative adsorp-
tion occurs on the medium and high temperature binding
sites. A comparison of pyridine FTIR data and microki-
netic modelling suggests the medium and high temperatures
sites are of Brgnsted acid nature due to their dissociative
nature. The low temperature sites correspond to a Lewis acid
nature due to their molecular adsorption properties. For both
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oxygenates, re-adsorption occurs on the low and medium
temperature binding sites but does not occur on the high
temperature binding sites. Overall, methanol desorbs eas-
ily in comparison to DME, showing that adsorbed DME is
the primary oxygenate and key methylating agent in surface
reactions during MTH conversion.
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