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Contributions of post-synthesized mesopore structures of ferrierite zeolite
for gas-phase dimethyl ether carbonylation activity
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Abstract—Mesoporous ferrierite zeolite (FER) synthesized by a post-desilication method was applied for a gas-phase
dimethyl ether (DME) carbonylation to confirm the contributions of the newly formed mesoporous structures above
10 nm in size. The distribution of surface acidic sites and extent of coke deposition was significantly altered, resulting in
showing different catalytic activity and stability, which were mainly caused by the post-synthesized larger mesopores on
the FER. The newly formed mesoporous structures in the range of 5-40 nm on the pristine seed-derived FER (SFER)
with a Si/Al molar ratio of 10.4 were largely changed by a desilication/recrystallization duration, and the mesopores sig-
nificantly increased the surface acidic sites with similar extent of crystallinity even with a lower Si/Al ratio of 6.7-8.6.
The increased strong acidic sites corresponding to Bronsted acid sites after an optimal desilication duration for ~3 h on
the mesoporous SFER (m-SFER(3)) were mainly responsible for an increased DME carbonylation activity with smaller
formation of coke precursors due to facile mass transport phenomena through its lager mesopores.
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INTRODUCTION

Solid acidic zeolites having uniform microporous structures have
been known to be active for various heterogeneous catalytic reac-
tions, for example, petroleum refining processes and petrochemi-
cal syntheses [1,2], which are further applied to synthesize value-
added chemicals like methanol, dimethyl ether (DME) and ace-
tates [1-5] from various renewable feedstock. Among various zeo-
lites, ferrierite (FER) possesses typical 8-membered ring (8-MR)
channel structures cross-linked with 10-membered ring (10-MR)
channels [6] with their respective micropore sizes of 4.2x5.4 and
3.5x4.8 A. The FER has been reported to have superior activity for
gas-phase carbonylation of DME [7-10] or selective skeletal isom-
erization of n-pentene and n-butene on the more active 8-MR chan-
nels [11]. Furthermore, to overcome mass transfer limitation in the
zeolite micropores, the application of mesoporous zeolites has been
largely proposed by using simple desilication methods with alka-
line solution under specific conditions [12-14], which cause a sig-
nificant leaching of framework Si atoms [15-19] by forming hetero-
geneous mesoporous structures in the ZSM-5 (MFI) [17-20], mor-
denite (MOR) [21], faujasite (FAU) [22], and FER [23]. For exam-
ple, the optimal Si/Al molar ratio was reported in the range of 25-
50 to form desilicated mesoporous ZSM-5 structures [16,17,20,24].
The Al atoms play an important role as a mesopore-generating spe-
cies during dissolution step because Al atoms with negatively
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charged AlO] natures in each zeolite framework can prevent the
extraction of neighboring Si atoms. Therefore, the usage of a con-
centrated NaOH solution (~1.0 mol/L) is essential to effectively form
the mesopore structure on the zeolites having Si/Al molar ratio
smaller than 25 [25]. The FER having a lower Si/Al ratio below 10
[26] with relatively larger 10-MR channels can help the diffusion
of molecules [23,26]; however, the appearance of 6-MR channels
(along with [101] direction) with its micropore size of 0.25nm
seems to be small to diffuse out larger organic molecules. There-
fore, the newly created mesopores on the FER are apt to shorten
the diffusion path length by overcoming the diffusion limitations
[23]. However, over-leaching treatments with NaOH solution can
cause significant disintegration of zeolite structures. Some recent
reports to synthesize hierarchically structured micro-mesoporous
H-form FER (Si/Al molar ratio of 27) generally follow two succes-
sive post-treatment steps, such as partial dissolution step to form
its nanocrystals in NaOH solution and hydrothermal recrystalliza-
tion step with cetyltrimethyl ammonium bromide (CTAB) as a cat-
ionic surfactant to minimize in-situ structural disintegration of FER
frameworks such as irregular and excessive structure collapses as
the well-reported previous researches [12,27-29]. However, the above
stepwise procedures seem to be difficult to form uniform meso-
porous structures due to irregular formations of various mesoporous
structures and sizes preferentially. Therefore, one-step simple pro-
cedure by desilication with NaOH solution and simultaneous recrys-
tallization with CTAB was recently reported for the selective synthesis
of mesoporous zeolites [12,30-35].

In the present study, the one-step recrystallization method of
commercial FER (Vision Chem.) and home-made seed-derived H-
form FER [3-5] having a Si/Al ratio of ~10 were separately used to
prepare mesoporous FER through one-step desilication method in
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an alkaline medium [12]. The effects of the desilication duration
and mesopore structures according to the types of FERs were veri-
fied for catalytic performance and structural stability in terms of
surface acidity as well as coke deposition during a gas-phase DME
carbonylation reaction to methyl acetate (MA), which has not been
well investigated till now as far as we know:

EXPERIMENTAL SECTION

1. Synthesis of Mesoporous FERs Using Commercial and
Seed-derived FER

For the preparation of mesoporous FERs by a desilication and
simultaneous recrystallization method, a commercial NH;-form
FER supplied by Vision Chem. having a Si/Al molar ratio of ~10
was used after thermal treatment at 550°C for 3 h under air envi-
ronment to generate H'-form FER (denoted as CFER), and home-
made seed-derived FER (denoted as SFER) was previously synthe-
sized at a fixed Si/Al ratio of 10.4 with 24 wt% CFER seed at a
constant molar ratio of SiO,/NaAlO,/NaOH/water=1.0:0.096:0.15:
36 by the well-known hydrothermal synthesis method as reported
in our previous work [3-5]. The detailed synthesis method of the
seed-derived FER was as follows: sodium hydroxide (NaOH) with
0.80 g and fumed silica (SiO,) of 0.80 g were added to 864 g deion-
ized water (DIW) and the above mixed solution was stirred at
room temperature for 1h at 500 rpm. After additional vigorous stir-
ring for 1h, 2.13 g commercial FER seed material (H-form) was
added to above mixture, which was further stirred for 11 h. Suc-
cessively, sodium aluminate (NaAlO,, 1.05g) was added into the
above solution and stirred for 12 h additionally. Finally, the suspen-
sion was treated at hydrothermal synthesis temperature of 160 °C in
a Teflon tube-lined stainless autoclave for 96 h under a stirring condi-
tion. After cooling the synthesis reactor to room temperature, the
obtained white gel was filtered at vacuum condition and further
washed with 4 L of DIW. Finally, the product was dried overnight
at 80 °C followed by thermal treatment at 550 °C for 6 h under an
air environment. The SFER was further treated with an ammonium
nitrate solution (1.0 mol/L) to prepare NH,-form FER at 80 °C for
3h. After several repetitions of the ion-exchange step to form H-
form FER, the obtained white powder was thermally treated under
air environment at 550 °C for 3 h. For a successive desilication and
recrystallization of the FERs, the separate commercial and home-
made FERs, cethyltrimethyl ammonium bromide (CTAB, Alfa
Aesar) and deionized water were used to synthesize desilicated
mesoporous FERs. For more details, 6 g of the parent FER with
3 g of CTAB was mixed with 200 mL of 0.25 mol/L NaOH solu-
tion and the mixture was thoroughly stirred for 3 h at room tem-
perature, which was hydrothermally treated at 160 °C for 96 h. The
obtained white gel was washed with deionized water until pH of 7
and dried overnight followed by calcination under an air environ-
ment at 550 °C for 6 h. The as-prepared desilicated FERs were pre-
pared by a successive ion-exchange treatment for six times with
1.0mol/L NH,NO; solution. Finally, the NH,-form FERs were cal-
cined again under air flow at 550 °C for 8 h to form mesoporous
H-form FERs, where the desilicated mesoporous FERs were denoted
as m-CFER(x) and m-SFER(x) with x digit for a different desilica-
tion time (h), separately.
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2. Measurements of carbonylation activity and characteriza-
tion procedures

Catalytic performance and its stability for a selective gas-phase
carbonylation of DME to MA was obtained by using a fixed-bed
tubular reactor having an inner diameter of 9mm on the fresh
desilicated m-FERs. Prior to catalytic performance measurement,
the catalyst with 0.4 g was pretreated under N, flow at 500 °C for
1h to get rid of any contaminant and water adsorbed. The reac-
tion condition was fixed to T=220 °C, P=1.0 MPa and higher space
velocity (SV) of 6,000h™" with a feed gas composition of DME/
CO/N,=5/45/50 for the reaction duration of 50 h on stream to verify
the effects of mesoporosity of the FERs. The methanol, DME, MA
and hydrocarbons formed were analyzed by on-line gas chroma-
tography (GC, Younglin YL6100) equipped with a flame ionization
detector (FID) with a DBWAX capillary column. DME conversion
and product distribution were measured by using total carbon-
balance by assuming with insignificant coke depositions on the m-
FERs. Deactivation rate for ~50 h (R;, %/h) was also measured by
using the values of DME conversion at maximum and steady-state
as follows.

Deactivation rate (R, %/h)=(maximum DME conversion (%)
—DME conversion at a steady-state (%))/
(its duration (h) between the maximum and steady-state value)

The patterns of wide-angle X-ray diffraction (XRD) on the fresh
m-FERs were measured by a Bruker X-ray diffractometer (D8
Advance) equipped with Cu Ke radiation (0.15406 nm) operated
at 40kV and 100 mA at a fixed scanning rate of 4°/min in the range
260=5-60° to measure the characteristic XRD patterns of the desili-
cated m-FERs. With the help of X-ray fluorescence (XRF) analysis
by using a Bruker $4 instrument operating at 60 kV and 150 mA,
the bulk Si/Al molar ratio on the fresh m-FERs was also meas-
ured. To measure the specific surface area and average pore diam-
eter, N, adsorption-desorption isotherm on the fresh m-FERs was
characterized by using an ASAP2020 instrument at a liquid N,
temperature of —196 °C with the help of Brunauer-Emmett-Teller
(BET) method and Barrett-Joyner-Halenda (BJH) method from
the desorption branch of N,-sorption isotherm, respectively.

To verify surface acidic properties such as the numbers and types,
the adsorption properties with a probe molecule of pyridine and
NH; on the fresh m-FERs were separately measured after pretreat-
ing the sample at 500 °C for 1 h under vacuum condition to remove
water and contaminants adsorbed. The adsorbed pyridine mole-
cules on a shelf-supported thin pellet were measured by Fourier
transform infrared spectroscopy (FI-IR) analysis (Py-IR) by using
a Frontier MIR/FIR spectrometer (PerkinFlmer) installed with an
MCT detector. The temperature-programmed desorption of ammo-
nia (NH,-TPD) was analyzed with 50 mg of the fresh m-FER sample
in the range of 50-700 °C under He flow by a thermal conductiv-
ity detector (TCD) installed in a BELCAT-M instrument. To ver-
ify the amount of coke precursors formed on the used m-FERs
with its types, temperature-programmed surface reaction analysis
with hydrogen (H,-TPSR) was further investigated in the tempera-
ture range of 200-1,000 °C after the sample pretreatment at 300 °C
for 1 h under He flow, where the effluent gases were monitored
with a Quadropole mass spectrometer (QMS, QMA200) by on-
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line measuring the fragments of CH, with a mass number (m/z)
of 15. The outermost surface morphology of the fresh m-FERs was
turther characterized by field emission scanning electron micros-
copy (FESEM) with a JSM-7000F instrument operated at 30 kV.
The local surface morphology and mesopores distribution on the
fresh m-FERs were also verified by transmission electron micros-
copy (TEM) with a JEM-2100F instrument operated at 200 kV.
The amounts of deposited coke precursors on the used FERs were
quantified by measuring TGA weight loss (%) above 400 °C (ramp-
ing rate of 10 °C/min under air environment by a TGA 55 model
(TA instrument) and by comparing its derivative thermogravime-
try (DTG) patterns.

RESULTS AND DISCUSSION

1. Characteristics of m-FERs Prepared by desilication and
recrystallization method

Bulk XRD patterns of the fresh m-FERs before and after desili-
cation are displayed in Fig. 1. After the deciliation of the pristine
FERs, the crystallinity of the m-FERs was significantly decreased
with an increase of desilication duration due to the leaching of the
FERs frameworks by a direct attack of OH™ formed from basic
NaOH solution [12]. However, the characteristic FER structures
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Fig. 1. Wide-angle XRD patterns of the pristine and modified mes-
oporous FERs.

were clearly preserved even after the desilication of the m-FERs.
Interestingly, the relatively larger characteristic peak intensity on the
m-SFER compared to the m-CFER suggests the preservation of
higher crystallinity of the seed-derived FER even after desilication

Table 1. Catalytic performance on the modified mesoporous FERs with their bulk and surface properties

i TP ;
Catalyst' ~ XRF XRD" N, sorption® NH,-TPD? Py-IR®  Active site’ Cat?l,yuc SRS N TGA'
activity® (g x10°%)

(desilication — -

duration, h) Si/Al Deya S, (meso)/ W/M/S (total) B/L  Bsites (8 MR) Xous/Suui/Ro ol 3y phase Coke
ratio (%) Pv/Dp (mmol/g) ratio (mmol/g) (total) (mg/8)

CFER 103 100  283(38)/0.24/34 0.94/0.35/0.56 (1.85) 16.5 0.53 12.1/95.6/0.07 0.05/0.05/0.23 (0.33) 54.8
m-CFER(3) 73 35  316(157)/0.37/4.7 0.57/0.48/0.57 (1.63) 6.2 0.54 13.0/90.5/0.31 1.72/0.39/1.06 (3.17) 1243
SFER 104 25  308(35)/0.20/2.7 0.64/0.55/0.35 (1.54) 26.7 0.19 4.2/95.3/0.12  0.04/0.03/0.01 (0.08) 56.9
m-SFER(3) 67 45 325(159)/044/54 0.83/022/0.62(1.68) 7.0 059 165/950/0.06 0.73/0.34/0.74 (1.81) 637
m-SFER©6) 73 15 304(139)/0.50/66 0.59/047/044 (1.50) 5.0 034 63/60.2/0.05 0.62/1.03/0.89 (2.54) 756
m-SFER(12) 86 42 315(107)/041/5.1 0.72/0.29/029 (130) 14 026 47/57.9/0.05 0.82/037/0.54 (1.73)  54.8

“Ferrierte (FER) zeolites are denoted as the CFER and SFER for the commercial and seed-derived FER, respectively. After desilication for x
hours, the mesoporous FER zeolites are, respectively, denoted as m-CFER(x) and m-SFER(x) as well.

’Relative degree of crystallinity (denoted as D) of the mesoporous FERs was denoted by calculating the integrated peak area of the most
intense peak assigned to 26=9.3° (largest peak) based on the 100% crystallinity of the reference CFER.

‘S Pys and D, denotes specific surface area (m’/ g) with that of mesopore (meso), pore volume (cm’/ g), and average pore diameter (nm), respectively.
“Weak (W), medium (M) and strong (S) acid sites on the fresh FERs measured by NH,-TPD analysis were assigned to the peak at ~200,
~350 and 350-600 °C, respectively.

‘Relative ratio of Brensted(B) to Lewis(L) acid sites was measured by Py-IR analysis, which were assigned to the absorption peak appeared at
1,542 cm™! for B sites and peak at 1,454 cm ™' for L sites, respectively.

The number of Brensted (B) acid sites in the 8 membered-ring (8-MR) channels was quantified by the equation of [(strong acid sites (S)
from NH,-TPD) - (B sites from Py-IR)] with the assumption of B sites in the 10-MR channels only measured by Py-IR analysis.

¥Catalytic performances such as DME conversion (Xp,;: mol%) and MA selectivity (S,.,, mol%) are presented with the average values for the
reaction duration of 10 h after 40 h on stream at a steady-state, and the deactivation rate (Rp, %/h) was calculated by using the difference
between maximum and stead-state conversion divided by its total duration.

"Types of the deposited cokes and their relative amounts on the used FERs measured by TPSR experiments were defined as o, fand y-phase
coke precursors appeared at the respective hydrogenation temperatures of ~450, ~550, and ~900 °C, which can be separately assigned to sur-
face carbidic carbon species, amorphous carbons, and heavy cyclic polyaromatic hydrocarbons.

‘Amounts of coke precursor depositions on the mesoporous FERs after DME carbonylation (mg../g...) were quantified by TGA profiles by
calculating the weight loss in the range of 400-1,000 °C (assigned to various surface coke precursors).

Korean J. Chem. Eng.(Vol. 38, No. 6)
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by recrystallization of the FER’s defect sites [3-5]. The crystallinity
of the post-synthesized mesoporous m-FERs with two different
CFER and SFER significantly altered the type and number of acidic
sites, morphology and Si/Al ratio, which possibly resulted in chang-
ing a gas-phase DME carbonylation activity and stability [7]. As
summarized in Table 1, the Si/Al molar ratio on the desilicated m-
FERs was largely decreased in the range of 6.7-8.6 from 10.3-10.6
on the parent FERs. The significantly decreased Si/Al ratio on the
m-FERs after desilication altered their physicochemical proper-
ties, resulting in increasing defect sites such as the stronger Bron-
sted acid sites [7]. However, the optimal m-SFER(3) treated by
desilication for 3 h having the smallest Si/Al ratio of 6.7 showed a
relatively higher crystallinity as well as well-developed mesopore
structure. Based on the XRD peak intensity and relative crystallin-
ity as shown in Fig. 1 and Table 1, the longer desilication duration
more than 3h was responsible for the decreased crystallinity by
suppressing the active Brensted acid sites in the mesoporous m-
SFER as confirmed by the lower relative crystallinity of 15-45% with
the maximum value of 45% on the m-SFER(3). On the m-SFER(6),
the characteristic peaks of FER were significantly decreased due to
a lower crystallinity (D,,,=15%) with structural collapses of the
FER frameworks under the basic OH™ environment. However, the
disintegrated FER structures seem to be recrystallized again with
the help of CTAB on the m-SFER(12) as confirmed by a higher crys-
tallinity (D,,,=42%), where the CTAB seems to play an import-
ant role as a structure directing agent [3-5] at a longer desilication
duration for 12 h by increasing the crystallinity as supported by an
observed intense peak intensity as well. The specific surface areas
on the m-FER were observed in the range of 304-325 m”/g with a
relatively larger surface area on the mesoporous m-SFER com-
pared to the pristine CFER (283 m’/g) due to the preferential for-
mation of mesoporous structures on the m-SFER (Table 1). The
mesoporous surface area on the m-SFER was increased after the
desilication and recrystallization, for example, from 35 m’/g on the
SFER to 159 mz/g on the m-SFER(3), and the surface area was
obviously decreased with an increase of desilication duration to
107 m’/g on the m-SFER(12). Similar trends of pore volume and
average pore diameter were also observed on the m-SFER, for
example, the separate values of 0.44 cm’/g and 5.4 nm on the m-
SFER(3) compared to those of 0.20 cm’/g and 2.7 nm on the pris-
tine SFER. The preferential formation of mesoporous structures
on the m-SFER compared to the m-CFER was generally responsi-
ble for the larger surface area, pore volume (0.37 cm’/g on the m-
CFER and 0.41-0.50 cm’/g on the m-SFER) and average pore diame-
ter (4.7 nm on the m-CFER and 5.1-6.6 nm on the m-SFER), which
was attributed to the facile desilication and recrystallization of the
home-made SFER. As shown in Fig. 2, typical mesoporous struc-
tures with type IV (Fig. 2(a)) and microporous structures of the
FER zeolite were clearly observed on the m-SFER with their pore
size distributions in the range of 5-40 nm, which was found to be
much larger on the m-SFER(3) as shown in Fig. 2(b).

The crystallinity and defect sites of the m-FERs largely changed
surface acidity and strength by altering the amount of weak, me-
dium and strong acid sites assigned to different desorption tem-
peratures of the adsorbed NH; molecules in the range of 100-600 °C
[7] and the results are displayed in Fig. 3. As summarized in Table
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Fig. 2. (a) N, adsorption-desorption isotherms and (b) pore size dis-
tribution of the fresh mesoporous FER zeolites.

1, the number of weak and medium acidic sites on the FERs was
found to be in the range of 0.57-0.94 and 0.22-0.55 mmol/g with a
maximum desorption peak temperature at ~211°C on the m-
SFER(3) after the desilication treatment, which can be assigned to
the molecular adsorption of NH, on the acidic surfaces mainly.
However, the strong acidic sites assigned to the peaks at 350-600 °C
with its maximum desorption temperatures of 376-429 °C, which
are corresponding to the active Brensted acid sites [3-5], were sig-
nificantly increased on the optimized m-SFER(3) with the value of
0.62 mmol/g. After desilication for the mesopore generations, the
desorption temperatures on the strong acid sites were decreased
on both CFER and SFERs by simultaneously increasing those strong
acidic sites. Those desorption temperatures on both CFER and
SFER were found to be 429 °C, which were decreased to 376 °C on
the m-CFER(3) and 410 °C on the m-SFER(3). The desorption tem-
perature was further decreased to ~395 °C on the m-SFER(6) and
m-SFER(12). Interestingly, the amounts of the strong acidic sites
were increased up to 0.62 on the m-SFER(3) from 0.35 mmol/g on
the SFER, while an excessive desilication revealed a significant de-
crease of the strong acidic sites in the range of 0.27-0.44 mmol/g
due to severe structural collapses of the SFER as confirmed by TEM
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and XRD analysis. It suggests that the desilication and recrystalli-
zation method for preparing the mesoporous SFERs are effective
to enhance the numbers of the active strong acidic sites as well as
to decrease less active medium acidic sites on the m-SFER(3) with
that value of 0.22 mmol/g. The weak and medium acidic sites on
the m-FERs seem to have smaller activity for a gas-phase carbon-
ylation of DME, where those acidic sites can be affected by the
FERS crystalline morphology. The pristine plate-like FER structures
[12] were obviously observed on the CFER and m-SFER(3) as meas-
ured by SEM analysis (Fig. 4). The characteristic FER structures
were significantly disintegrated on the m-SFER(12) due to the sig-
nificant structural collapse, which caused its lower crystallinity as
shown in Fig. 4(D). The newly formed mesoporous structures on
the desilicated m-FERs were clearly observed by TEM analysis as
shown in Fig. 5. The m-SFER(3) as displayed in Fig. 5(D) revealed
the selective formations of more homogeneously-distributed mes-
opores with its sizes of ~50 nm compared to the m-CFER(3) hav-
ing less homogeneous mesopore structures with its sizes of ~20
nm (Fig. 5(B)) formed from the pristine CFER (Fig. 5(A)), where
those mesoporous structures seem to be grown on the [100] direc-
tion of FER crystallite [12,23,26]. Compared with the pristine SFER
(Fig. 5(C)), more uniformly distributed mesopores were observed
on the m-SFER(3) after an adequate desilication duration. How-

=
sew arT

D). m-SFER

N

Fig. 4. FESEM images of the fresh (A) CFER, (B) m-CFER(3), (C) m-SFER(3) and (D) m-SFER(12).
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(C) SFER

Fig. 5. TEM images of the fresh (A) CFER, (B) m-CFER(3), (C) SFER, (D) m-SFER(3) and (E) m-SFER(12).

ever, those newly formed mesoporous structures on the m-SFER(12)
again disintegrated by forming the irregular mesopore sizes as
shown in Fig. 5(E), which are in line with the XRD results caused
by a significant leaching of FER frameworks under a longer desili-
cation time.

The kinds of acidic sites on the m-FERs were further confirmed
by Py-IR analysis and the results are summarized in Table 1. As
displayed in Fig. 6, the absorption peaks of Py-IR can be generally
assigned to Bronsted (B) acid sites at 1,542 cm™', Lewis (L) acid
sites at 1,454 cm™, and combined acidic sites (B+L) at 1,480 cm™"
[7,36]. The ratios of Brensted to Lewis acid sites (B/L) were largely
altered after desilication on the fresh mesoporous SFER, and less
active acidic sites on the mesoporous FERs were generally increased
with an increase of desilication duration from CFER and SFER

B/L sites(mmol/g) B B+L
0.033/0.002 _~ L CFER
0.037 / 0.006 A m-CFER(3)

0.160 / 0.006 SFER

0.028 / 0.004 m-SFER@)
0.104 / 0.021 m-SFER(6)

0.027 / 0.020 m-SFER(12)

1600 1580 1560 1540 1520 1500 1480 1460 1440 1420 1400

Absorbance (a.u.)

Wavenumber (cm™)

Fig. 6. Py-IR spectra on the fresh FERs carried out at the desorp-
tion temperature of 150 °C.
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with B/L ratios of 16.5-26.7 to 1.4-7.0 on the mesoporous FERs.
Those significantly decreased B/L ratios after desilication on the
m-SFER were mainly caused by the generation of defected surface
sites as well as incomplete mesopore formation due to the selec-
tive adsorption of larger pyridine molecules on the outer surface
larger pores. The pyridine probe molecules are difficult to be ad-
sorbed in the smaller micropores of zeolites. Therefore, the quantifi-
cation derived from Py-IR to measure the amounts of Brgnsted (B)
acid sites in larger micropores such as 10 or 12 membered-ring (10-
MR or 12-MR) channels and external surface acidic sites of zeolites
[3-5] as well as NH,;-TPD to measure all acidic sites located in zeolite
frameworks was applied to finally quantify Brensted acid sites in
the 8-MR channels of the mesoporous FER. In general, the acidic
sites in the 8-MR channels of zeolites are known to be responsible
for a higher DME conversion and MA selectivity due to an easy
formation of acetyl intermediate (CH,CO-) on [3-5,7-10,37,38].
The number of Brensted acid sites measured by Py-IR was gen-
erally much smaller than that of NH,;-TPD (strong acidic sites with
0.62 mmol/g), which can be attributed to different affinity of pro-
tons, basicity and size differences of ammonia as well as pyridine
molecules [39-42]. As summarized in Table 1, the number of the
active Bronsted acid sites in the 8-MR channels increased after a
proper desilication on the m-SFER(3) with the maximum value of
0.59 mmol/g from 0.19 mmol/g on the pristine SFER, and its small
variations between the pristine CFER and m-CFER(3) due to fewer
structural disintegrations. Even though the B/L ratios were larger
on the pristine FERs (16.5 and 26.7 on the respective CFER and
SFER), the mesoporous m-SFER(3) was properly modified to have
larger numbers of Bronsted acid sites in the largely-exposed 8-MR
channels due to the homogeneously-distributed mesopore forma-
tions in the main FER frameworks even with a lower B/L ratio of
7.0. However, the Bronsted acid sites in the 8-MR channels were
decreased to 0.26-0.34 mmol/g with an increase of desilication dura-



DME carbonylation on

tion on the m-SFER(6) and m-SFER(12), which was attributed to
their severe structural collapse during desilication treatment. Those
phenomena were also supported by a higher B/L ratio of 7.0 on
the m-SFER(3) compared to m-SFER(6) and m-SFER(12) with
the B/L ratio of 1.4-5.0 and m-CFER(3) with that of 6.2 (Table 1),
which were smaller than the pristine SFER and CFER with the B/
L ratios of 16.5-26.7 due to the formation of less-ordered meso-
porous structures causing lower crystallinity as well. In addition,
the defect sites on the external surfaces as well as larger sites in the
10-MR channels of the FERs were well related with catalytic deac-
tivation during DME carbonylation [43,44]. Therefore, the larger
number of active Bronsted acid sites originating from a higher crys-
tallinity and relatively ordered mesoporous structures on the m-
SFER(3) can be responsible for its higher catalytic stability with
small amount of coke depositions. As summarized in Table 1 and
Fig. 7, total amounts of coke precursors formed on the FER sur-
faces were found to be relatively lower on the m-SFER(3) with 0.0181
mg/g than that of the m-CFER and m-SFER(6) with 0.0254-0.0317
mg/g, which was mainly attributed to different amounts of the
Bronsted acid sites and defect sites measured by various NH;-
TPD, Py-IR, TGA and TPSR analysis in the following section.
2. Effects of Newly Formed Mesopores on m-SFERs to Cata-
Iytic Performance

The larger quantity of Brensted acid sites in the 8-MR channels
corresponding to the most active sites for a gas-phase DME carbo-
nylation with its higher crystallinity and well-distributed larger meso-
pore structures on the m-SFER(3) was responsible for the highest
conversion of 16.5% and MA selectivity of 95.0% with much smaller
deactivation rate of 0.06%/h even at a higher space velocity. It was
mainly attributed to the smaller defect sites by showing a higher
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B/L ratio of 7.0 with the relatively ordered mesoporous structures
for enhancing mass transfer rate [13,14] as well. Interestingly, the
much lower DME conversions with 4.7-6.3% and MA selectivity
of 57.9-60.2% on the m-SFER(6) and m-FER(12) were attributed
to severe structural collapses of the active 8-MR channels of SFERs
by an excess exposure under a basic desilication condition with an
abundant formation of methanol byproduct from the beginning of
reaction. The relatively lower DME conversions of 12.1-13.0% on
the CFER and m-CFER(3) can be attributed to the restricted mass
transfer rate on the plate-like FER surfaces with their irregular meso-
pore structures compared to the mesoporous m-SFER(3) as sum-
marized in Table 1 and displayed in Fig. 8. On the desilicated com-
mercial m-CFER(3), a faster decrease of DME conversion from the
maximum value of 30.0 to 13.0% (deactivation rate of 0.31%/h)
with a stable MA selectivity with 90.5% with time on stream (h) can
possibly have originated from its unstable mesopore structures on
the m-CFER(3), which resulted in easier coke deposition natures.
Based on the catalytic activity and stability on the CFERs and SFERs,
the positive effects of ordered mesoporous structures were clearly
observed on the m-SFER(3) possessing a larger number of active
Brensted acid sites with insignificant deactivation rate even though
it showed a smaller B/L ratio compared to the pristine SFER.

To further verify the roles of post-synthesized mesoporous struc-
tures on the m-SFER(3), the analysis of TEM, H,-TPSR and TGA
was carried out and the results are displayed in Fig. 5 and Fig. 7 as
well as summarized in Table 1. The characteristic plate-like FER
crystallites with size of ~0.5 pm have been known to be effectively
desilicated to form mesoporous structures [3-5,12], and the ordered
regular pore sizes of ~50 nm on the m-SFER(3) and irregular pore
sizes of ~20nm on the m-CFER(3) were clearly observed. The
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mesoporous structures formed by desilication and recrystalliza-
tion were more clearly observed on the m-SFER than m-CFER,
which seems to be attributed to the easier insertion of CTAB into
the SFER having a larger surface area of 308 m*/g compared to the
CFER with that of 283 m’/g by enhancing the extent of recrystalli-
zation as well as by causing less formation of Lewis acid sites (gen-
erally assigned to the extra framework aluminum (EFAL) sites),
where EFAL sites seem to play an important role as defect sites for
coke deposition [12]. The deposited coke precursors formed on
the FERs measured by TPSR analysis (Fig. 7(a)) can be categorized
with the ¢, £ and p~phase cokes according to the hydrogenation
temperature. The H,-TPSR peak at ~450 °C was assigned to sur-
face carbidic carbons as a-form cokes, the peak at ~550 °C was for
SHorm cokes as surface amorphous hydrocarbons, and the peak
at ~900 °C was for y-form cokes for inactive surface carbons origi-
nating from heavy cyclic polyaromatic hydrocarbons possibly [45].
On the desilicated mesoporous m-SFERSs, the total deposited cokes
were found to be larger in the range of 0.0181-0.0254 mg/g than
that of the pristine SFER with 0.0008 ig/g, which was analyzed by
H,-TPSR analysis and the results are summarized in Table 1. Interest-
ingly, the o-form surface cokes were found to be similar on all the
desilicated m-SFERs irrespective of their desilication time in the
range of 0.0073-0.0082 jig/g compared to that of the mesoporous
m-CFER(3) with 0.0172 ng/g, where the trends of fform and »
form cokes formed on the m-SFERs were found to be similar.
Although the relatively larger amounts of coke precursors were
deposited on the mesoporous m-SFER(3) compared to the pris-
tine SFER (0.0008 pg/g), the observed much higher DME conver-
sion of 16.5% and robust catalytic stability with a lower deactivation
rate of 0.06%/h were attributed to well-developed regular meso-
porous structures with relatively homogeneous size distributions
and larger mesoporous cavity (larger mesopore surface area of
159 m’/g on the m-SFER(3) than that of 35 m’/g on the SFER) by

June, 2021

enhancing the mass transfer rate. The similar phenomena were
also observed from TGA and DTG results as summarized in
Table 1 and displayed in Fig. 7(b). Absolute weight losses above
400 °C assigned to the removal of coke precursors [5,46,47] were
slightly larger on the most active m-SFER(3) with 63.7 mg,,../g due
to the selective coke depositions on the outer surface acidic sites
[3-7], which were found to be much larger than the amounts of
coke precursors measured by TPSR due to its selective and partial
hydrogenation. The increased weight losses on the mesoporous
FERs (124.3 mg,,,/g on the m-CFER(3) and 75.6 mg,;./g on the
m-SFER(6)) compared to the pristine FERs (54.8 mg,./g on the
CFER and 56.9 mg,;./g on the SFER) can be possibly attributed to
the combined contributions of inevitable coke depositions on the
active sites as well as structural collapse of the m-FERs during a
gas-phase DME carbonylation reaction.

The superior catalytic activity and stability on the post-synthe-
sized m-SFER(3) compared to the commercial CFER and pristine
SFER were attributed to the highly-distributed mesopore struc-
tures and smaller number of defect sites assigned to EFAL sites,
which originated from the recrystallization with the help of the
copresence of CTAB during desilication step. Finally, the relatively
higher and stable gas-phase carbonylation activity of DME to MA
on the mesoporous m-SFER(3) (Fig. 8) was well correlated with
the number of the active Bronsted acid sites with smaller defect
sites of the m-SFERs with the help of relatively ordered regular
mesoporous structures, which can further effectively suppress the
coke deposition resulting in an insignificant catalyst deactivation.

CONCLUSIONS

The number of acidic sites and newly formed mesopore struc-
tures on the m-SFER(3) at an optimal desilication duration of 3h
revealed a higher gas-phase carbonylation activity, which further



DME carbonylation on mesoporous ferrierite zeolite 1239

suppressed the catalyst deactivation rate due to the copresence of
post-synthesized regular mesopore structures with smaller EFAL
defect sites on the outer surfaces. The newly formed and highly-
distributed mesopore structures in the range of 5-40nm on the
seed-derived m-SFERs with the copresence of CTAB largely altered
the quantity of Brensted acid sites as well as their crystallinity. The
increased active strong Bronsted acid sites with smaller defect sites
on the mesoporous m-SFER(3) were responsible for an increased
gas-phase DME carbonylation activity with smaller deposition of
surface coke precursors with the help of post-synthesized meso-
pore structures.
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