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Abstract

The hydrogen form of low-silica KFl zeolite, with a Si/Al ratio of 3.2 (referred to as H-KFI-3.2), has been shown to
possess significant selectivity for monomethylamine (MMA) and dimethylamine (DMA) in methanol amination
reactions. However, its industrial viability for MMA and DMA synthesis has been hindered by its relatively low
methanol (MeOH) conversion and yield of MMA plus DMA. In this study, we synthesize high-silica KFI zeolite with
an elevated framework Si/Al ratio of 5.4 (designated as KFI-5.4) using a novel K' and 18-crown-6 complex
[referred to as (K")CCH, with a ratio of 18-crown-6 to K" of 2.85] as an organic structure-directing agent. Control
experiments have demonstrated that the presence of both K" and OH  ions is essential for the formation of KFI-5.4
zeolite. The hydrogen form of KFI-5.4 (H-KFI-5.4) exhibits significantly enhanced MeOH conversion (95.2%) and
yield (75.1%) of MMA plus DMA compared to the low-silica H-KFI-3.2 under similar reaction conditions. This
represents the highest level of catalytic performance among reported small-pore zeolites to date. Furthermore, the
yield and selectivity of MMA plus DMA can be further improved by modifying KFI-5.4 with an appropriate loading
of Na', which suppresses the formation of the by-product dimethyl ether. This study introduces a new high-silica
KFI zeolite catalyst with exceptional MeOH conversion and yield for the production of MMA plus DMA.

Keywords: K* and 18-crown-6 complex hydroxide, high-silica KFl zeolite, methylamine synthesis, metal
modification
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INTRODUCTION

Monomethylamine (MMA, 3.7 A x 3.9 A x 4.4 A) and dimethylamine (DMA, 3.9 A x 4.7 A x 6.0 A) are
versatile chemicals used in producing surfactants, dyestuffs, solvents, pharmaceuticals, insecticides, and
more" . Presently, the predominant method for synthesizing MMA and DMA involves the reaction of
methanol (MeOH) and ammonia (NH,) using amorphous silica-alumina catalysts. However, this process
yields a significant amount of thermodynamically favorable yet less desirable trimethylamine (TMA, 3.9 A x
5.4 A x 6.1 A) and the by-product dimethyl ether (DME)".. Thus, there is a compelling need to develop
shape-selective catalysts that can achieve high yields of MMA and DMA while minimizing the formation of
TMA and DME".

Zeolite materials have emerged as promising candidates for this purpose owing to their molecular sieving
capability and adjustable acid properties. For instance, large-pore MOR zeolite with a 12-membered-ring
window of 6.5 A x 7.0 A was commercially utilized in methylamines (MAs) production during the 1980s'".
However, a pore-size-reduction post-treatment was necessary to enhance the yield of MMA plus DMA.
Subsequently, small-pore zeolites, such as KFI", H-rho (RHO)", H-PST-29 (PWN)", DNL-6 (RHO)",
and SAPO-34 (CHA)", were discovered to exhibit superior shape selectivity for MMA and DMA due to
their smaller pore sizes (3.0 A ~ 4.5 A), which restricted the exit of TMA. Among these small-pore zeolites,
KFI zeolite stands out as one of the most promising catalysts for MMA and DMA synthesis.

KFI zeolite, with a pore size of 3.9 A x 3.9 A, is structured from an alternating sequence of a-cage and
y-cage”. Various methods have been developed for synthesizing KFI zeolite with different Si/Al ratios. In
1948, KFI zeolite with a Si/Al ratio of 2.0 was first synthesized through the hydrothermal conversion of
synthetic and natural analcites or leucites™”. Subsequently, ZK-5 type zeolites with KFI framework topology
possessing expanded Si/Al ratios ranging from 1.23 to 4.7 have been synthesized in the presence of organic
structure-directing agents (OSDAs), such as N, N’-dimethyltriethylenediammonium cation"?,
18-crown-6""?, and tetramethylammonium hydroxide”. To reduce the cost and pollution associated with
the calcination of as-synthesized material, OSDA-free methods were investigated widely, involving the
introduction of K" along with other cations as inorganic structure-directing agents"”*. For instance, KFI
zeolite with a Si/Al ratio of 3.8 was synthesized using K" and Sr*""”, while a Si/Al ratio of 3.1 was achieved
for KFI zeolite employing K* and Cs" as inorganic structure-directing agents"®..

In addition to direct synthesis, KFI zeolite can also be synthesized via the interzeolite transformation of
zeolite Y with the assistance of K', Na’, and Cs', resulting in a Si/Al ratio of 3.0~4.8"**l. Recently, it was
reported that a high Si/Al ratio of 5.0 [determined by nuclear magnetic resonance (NMR) analysis] was
achieved for the KFI framework only in the presence of K, albeit requiring a prolonged crystallization time
of ten days at 150 °C or 15 days at 140 °C"". However, synthesizing KFI zeolite with a framework Si/Al ratio
higher than 5.0 remains a challenge. According to the charge balance principle, introducing a structure-

directing agent with lower charge density might increase the Si/Al ratio of the resulting zeolites'*.

Our previous study revealed that H-KFI zeolite with a Si/Al ratio of 3.2 (referred to as H-KFI-3.2) exhibited
a remarkable selectivity of 94.4% for MMA plus DMA in MA products under reaction conditions of 350 °C,
a weight hourly space velocity of MeOH (WHSV,,.;;) = 0.813 h”, and NH,/MeOH = 2.0". However, the
corresponding yield (54.7%) was low due to the relatively low MeOH conversion of 63.4%. Furthermore, it
was suggested that increasing the Si/Al ratio of the zeolite could effectively enhance the yield of MMA plus
DMA by improving MeOH conversion®*”!. For instance, raising the Si/Al ratio of hydrogen form RHO
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zeolite (H-rho) and PWN zeolite (H-PST-29) led to increased MeOH conversion and, subsequently, higher
yields of MMA plus DMA". Additionally, it was demonstrated that a higher Si/Al ratio for (H)Al-RUB-41
(framework type RRO) zeolite, possessing stronger acid sites, resulted in higher MeOH conversion and
yield of MMA plus DMA™. Therefore, increasing the Si/Al ratio of KFI zeolite is highly desirable for its
further applications in MMA and DMA synthesis.

Unfortunately, increasing the Si/Al ratio of zeolite tends to decrease the selectivity of MMA plus DMA. For
instance, elevating the Si/Al ratio of HMOR zeolite (MOR) from 5 to 7.5 decreased MMA plus DMA
selectivity from 72.2% to 50.4%"*. It is noteworthy that Na* loading of mordenite (MOR) can enhance the
selectivity of MMA plus DMA due to several factors, including suitable shape selectivity and acid strength,
disruption of the H-bond network of methanol agglomerates and open dimers, and weaker adsorption of
MMA". This observation aligns with experimental results obtained by Zhang et al., where Na* loading of
HMOR increased MMA plus DMA selectivity from 61.3% to 69.9%"". Thus, exploring the impact of Na*
loading on the catalytic performance of zeolites is essential for developing high-performance catalysts in
MMA and DMA synthesis.

In this study, we present the synthesis of KFI zeolite (KFI-5.4) with the highest framework Si/Al ratio
recorded to date at 5.4 (determined via NMR analysis). This achievement was realized by employing a novel
OSDA comprising an 18-crown-6 and K' complex, with an 18-crown-6/K" ratio of 2.85. The resulting
H-KFI-5.4 exhibited exceptional MeOH conversion (95.2%) and yield (75.1%) for MMA plus DMA,
representing the pinnacle of catalytic performance among small-pore zeolites reported thus far.
Additionally, we investigated the impact of modifying KFI-5.4 zeolite with varying Na* loadings on MA
synthesis, laying the groundwork for enhancing the yield and selectivity of MMA plus DMA through zeolite
catalysts.

EXPERIMENTAL

Materials and chemicals

Potassium hydroxide (Aladdin, 99.99%) and 18-crown-6 (Energy Chemical, 99%) were employed in the
preparation of (K')CCH. Sodium aluminate (Sinopharm Chemical Reagent, ALO, = 41.0%) and Ludox
AS-40 (Sigma-Aldrich, 40 wt.%, suspension in water) were utilized for synthesizing KFI-5.4 zeolite in the
presence of low-silica KFI zeolite (Si/Al = 3.8, denoted as KFI-3.8) seed and (K")CCH. The low-silica
KFI-3.8 zeolite seed was synthesized following our previous work'®, and detailed experimental procedures
are provided in the Supplementary Materials. Ammonium chloride (Tianjin Fuchen Chemical Reagent Co.,
Ltd., NH4Cl 2 99.5%) and sodium chloride (Tianjin Xinbote Chemical Co., Ltd., NaCl 2 99.5%) were used in
the preparation of Na'-modified KFI-5.4 zeolite. Additionally, lithium hydroxide (Tianjin Fuchen Chemical
Reagent Co., Ltd., LiOH 2 90.0%), sodium hydroxide (Tianjin Guangfu Technology Development Co. Ltd.,
NaOH 2 98.0%), cesium hydroxide (Aladdin, 50%), ammonia solution (Tianjin Xinbote Chemical Co., Ltd.,
25%~28% NH,-H,0O), potassium chloride (Tianjin Fuchen Chemical Reagent Co., Ltd., KCl 2 99.5%), and
potassium nitrate (Tianjin Xintong Fine Chemical Co., Ltd., KNO, 2 99.0%) were employed to investigate
the role of K and OH' in the KFI-5.4 zeolite formation. All chemicals were utilized as received without
further purification.

Materials synthesis

Preparation of OSDA (K")CCH

Firstly, 5.3 g of 18-crown-6 was completely dissolved in 3.5 g of deionized (DI) water to yield a colorless
18-crown-6 aqueous solution (5.7 mol-L"). Subsequently, 2.3 g of potassium hydroxide was added to the
crown ether aqueous solution, resulting in an immediate yellow coloration. After stirring for 1 h, the
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mixture was heated in a water bath at 80 °C for 3 h. The resulting mixture stratified, with the supernatant
appearing light yellow, while the subnatant was colorless. The yellow supernatant was separated, and its
chemical composition was determined to be [(KOH), -(18-crown-6), ..-(H,O),,..] [Supplementary Table 1],
denoted as (K")CCH. The 18-crown-6/K" ratio of 2.85 indicates that (K')CCH is a mixture primarily
consisting of (KOH), -(18-crown-6),, along with minor components such as (KOH), -(18-crown-6), and
(KOH), -(18-crown-6),,.

Synthesis of KFI-5.4 zeolite

KFI-5.4 zeolite was synthesized from an initial mixture with an optimal chemical composition of 1.4 Na,O :
1.0 ALO, : 22.0 SiO, : 632 H,0 : 4.32 (K")CCH : 4.4 wt.% KFI-3.8 zeolite seed (based on SiO,). In a typical
synthesis of KFI-5.4 zeolite, 0.056 g of sodium aluminate and 1.2 g of prepared (K")CCH were added to 3.0 g
of DI water. The solution was then transferred into a 25 mL Teflon beaker and stirred for 1 h. Subsequently,
0.87 g of colloidal silica was added to the solution, which was then aged at ambient temperature for 24 h
under continuous stirring. After adding the KFI-3.8 seed (0.015 g), the mixture was transferred into a
stainless-steel autoclave and crystallized at 150 °C for five days, 140 °C for eight days, or 120 °C for 15 days.
Once the crystallization was complete, the zeolite product was filtered, washed with DI water, dried at 80 °C
overnight, and calcined at 550 °C for 6 h.

NH,/KFI-5.4 was obtained by subjecting the calcined zeolite sample to three cycles of ion exchange with a
1 mol/L ammonium chloride solution at 80 °C for 2 h. The H-KFI-5.4 sample was obtained by calcining
NH,/KFI-5.4 at 550 °C for 5 h. Na(x)-KFI-5.4 (where x = 3%, 22%, 60%, representing the Na/Al ratio
multiplied by 100%) was prepared by ion-exchanging NH,/KFI-5.4 with a sodium chloride solution,
followed by calcination at 550 °C for 2 h.

Characterization

The phases of solid products were analyzed using a Rigaku D/Max 2250 X-ray diffractometer (XRD)
equipped with Cu Ko radiation, scanning within a range of 26 = 4°~40°. Morphological observations of the
obtained samples were conducted using a JEOL JSM-7800F field emission scanning electron microscope
(SEM). The acid property was assessed through NH, temperature-programmed desorption (NH,-TPD) on a
Micromeritics AutoChem II 2920. The local atomic environments were investigated using *C, *’Al, and **Si
solid-state magic angle spinning NMR (MAS NMR) and “C liquid NMR measurements performed on a
Bruker Avance NEO system with a magnetic field intensity of 14.09 T. Bulk elemental contents were
determined by inductively coupled plasma-optical emission spectrometry (ICP-OES) using a Thermo
Scientific iCAP 7000 Series. Thermogravimetric analysis (TG) was carried out on a NETZSCH STA449F3
from 40 to 800 °C in air at a heating rate of 20 °C-min™'.

The interactions between positive ions and 18-crown-6 were investigated via liquid-phase ultraviolet-visible
(UV-Vis) absorption using a UV-Vis spectrophotometer (UV-2450) with a 2 nm slit width and a
wavelength range from 200 to 700 nm. The presence of 18-crown-6 related species in (K')CCH was
analyzed by mass spectrometry (MS) using an LCMS-9030 (SHIMADZU, Japan) equipped with an
electrospray ionization source, operating in positive ionization mode. The interface voltage was set at
3.5 KV, with an interface temperature of 300 °C. Nebulizing gas (N,) flow was 3 mL-min™; heating gas (Zero
air) flow was 10 mL-min’, and drying gas (N,) flow was 10 mL-min". The heat block temperature was
maintained at 400 °C, and the mass range analyzed ranged from 200 to 1,500 Da. The injection volume was
10 uL, and the flow rate (methanol : formic acid = 99.9:0.1) was 0.2 mL-min.
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Catalytic tests for methylamine synthesis

Typically, 0.3 g of catalyst [H-KFI-5.4, Na(3%)-KFI-5.4, Na(22%)-KFI-5.4, or Na(60%)-KFI-5.4] with 40~60
mesh size was loaded into a fixed-bed reactor. The catalyst was pretreated in flowing nitrogen at 380 °C for
1 h and then cooled to the desired reaction temperature of 300 or 350 °C. Subsequently, pure NH, gas was
introduced into the reactor followed by MeOH carried into the reactor by N, (38.0 mL-min™), which had
passed through a saturator containing liquid MeOH. The weight hourly space velocity of MeOH
(WHSV,,.0n) was maintained at 0.813 h', and the molar ratio of NH, to MeOH was kept at 2/1. The partial
pressures of MeOH, NH,, and N, were 6.7, 13.4, and 81.2 kPa, respectively.

For comparison, the activity of the H-KFI-5.4 catalyst was also measured at a reaction temperature of
400 °C under conditions of 4.3 h* WHSV,,.,; and 1.0 NH,/MeOH, conditions very similar to those reported
for H-rho and H-PST-29"". The gaseous products were analyzed online using an Agilent 7890 gas
chromatograph equipped with a flame ionization detector and a CP-Volamine capillary column. The
selectivity and yield were calculated based on carbon-based products.

RESULTS AND DISCUSSION

Textural property of KFI-5.4 zeolite

The experimental XRD pattern of KFI-5.4 zeolite (synthesis condition: 150 °C, 5 days) is depicted in
Figure 1A, demonstrating a match to the simulated pattern. Figure 1B presents the SEM image of KFI
crystals, revealing irregularly shaped aggregates composed of intergrown micrometer cubic-like crystals,
consistent with prior reports on KFI crystals””. These findings affirm the successful synthesis of pure and
highly crystalline KFI zeolite.

The TG curve of KFI-5.4 zeolite is displayed in Figure 1C. The weight loss of 8.66 wt.% observed at
40~250 °C corresponds to the desorption of physically adsorbed water, while the 4.83 wt.% weight loss at
250~800 °C is attributed to the decomposition of the OSDA”**, indicating the presence of OSDA in
KFI-5.4 zeolite.

Furthermore, the ”C MAS NMR spectrum of KFI-5.4 zeolite [Figure 1D] reveals a signal at 69.2 ppm,
attributed to the oxygen-substituted methylene carbon"**", consistent with the liquid "C NMR spectrum of
(K*)CCH. This confirms that the as-prepared K* and 18-crown-6 complex is occluded in the KFI-5.4 zeolite
as an OSDA.

The Al MAS NMR spectrum [Figure 1E] exhibits a resonance peak at 59 ppm assigned to tetrahedral
aluminum, indicating the absence of extra-framework aluminum species in KFI-5.4 zeolite">*.
Additionally, the *’Si MAS NMR spectrum [Figure 1F] displays three major signals at around -110, -105,
and -99 ppm, assigned to Si(0Al), Si(1Al), and Si(2Al), respectively>**. Based on the deconvolution results
of Si(nAl) species, the Si/Al ratio of KFI-5.4 zeolite is calculated to be 5.4, closely matching the value of 5.8
determined via ICP-OES analyses. These comprehensive analyses confirm the successful synthesis of zeolite
KFI with a higher Si/Al ratio than previously reported.

Influence of the synthetic parameters on the KFI-5.4 zeolite crystallization

Crystallization temperature

The crystallization temperature is widely recognized as a critical factor influencing both the
thermodynamics and kinetics of zeolite crystallization””. Hydrothermal treatment at different
crystallization temperatures (100, 120, 140, and 160 °C) yielded varying products from the initial mixtures
optimized for KFI-5.4 zeolite [Figure 2A]. At 100 °C, an amorphous product was obtained, while a mixture
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Figure 1. (A) Simulated XRD pattern (bottom) of KFI and experimental XRD pattern (top); (B) SEM image; and (C) TG curve of KFI-5.4
zeolite (synthesis condition: 150 °C, 5 days); (D) C liquid NMR spectrum (bottom) of (K")CCH and "C solid-state MAS NMR spectrum
(top) of KFI-5.4 zeolite; (E) Al and (F) *°Si solid-state MAS NMR spectra of KFI-5.4 zeolite. XRD: X-ray diffractometer; SEM: scanning
electron microscope; TG: thermogravimetric analysis; NMR: nuclear magnetic resonance; MAS: magic angle spinning.
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Figure 2. (A) Influence of crystallization temperature and time on the formation of KFI-5.4 zeolite. The phases of KFI-5.4 zeolite marked
with circles were obtained in this work, while the phases of the KFI-5.0 zeolites (framework Si/Al = 5.0) marked with stars were
reported by the reference®”.”Am” represents an amorphous material; (B) Crystallization curve of KFI-5.4 zeolite at 150 °C.

of KFI and ERI was acquired at 160 °C. Thus, the suitable crystallization temperature range for KFI-5.4
zeolite lies between 120~150 °C, albeit with differing crystallization periods. Pure and highly crystalline
KFI-5.4 zeolite was formed at 140 or 120 °C with crystallization times of 8 and 15 days, respectively
(Experimental XRD patterns are shown in Supplementary Figure 1). However, a crystallization time of
5 days sufficed at 150 °C. The crystallization curve [Figure 2B] and SEM images [Supplementary Figure 2]
elucidate the detailed crystallization process. The initial mixture (0 day) exhibited extremely low crystallinity
due to the presence of a few KFI-3.8 seeds and a significant amount of amorphous aluminosilicate species.
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As the crystallization time increased from 0 to 1 day, the crystallinity decreased, indicating the dissolution of
KFI-3.8 seeds. Extending the crystallization time to 1.5~4 days resulted in a gradual increase in product
crystallinity. Ultimately, pure and fully crystalline KFI-5.4 zeolite was obtained after 5 days of crystallization,
representing a twofold reduction in crystallization time compared to other high-silica KFI zeolites
(framework Si/Al = 5.0, denoted as KFI-5.0 and marked with a star in Figure 2A)""\,

Chemical compositions of the initial mixture

The influence of the SiO,/ALO,, H,O/AlLO,, and OH/ALO, ratios of the initial mixture was further explored
at a crystallization temperature of 150 °C. The summarized results are presented in Figure 3, with
corresponding X-ray diffraction (XRD) patterns of the products shown in Supplementary Figures 3-5.
Notably, the presence of KFI-3.8 zeolite seed was found to be crucial for the crystallization of KFI-5.4
[Supplementary Figure 6], suggesting that the KFI-3.8 zeolite seed provides the necessary nucleation site for
the target KFI framework"”**,

Maintaining the H,O/Al, O, ratio at 632 and the OH/ALO, ratio at 4.32 (represented by horizontal lines in
Figure 3A and B), pure KFI zeolite was obtained when the SiO,/Al O, ratio of the initial mixture was 20.6 or
19.6. However, the Si/Al ratio of the resultant KFI zeolite decreased to 5.1 and 4.5, respectively. Conversely,
when the SiO,/ALO, ratio increased to 23.4, an undesirable amorphous phase formed. The optimal product,
pure KFI zeolite with the highest framework Si/Al ratio of 5.4, was attained at a SiO,/AL O, ratio of 22.0.

Under these optimal conditions, the influence of the H,O/Al,O, ratio of the initial mixture, ranging from
211 to 1,054, was investigated while maintaining the SiO,/ALO, ratio at 22.0 and the OH/ALQO, ratio at 4.32.
As depicted by the vertical line in Figure 3A and the XRD patterns in Supplementary Figure 4, the
crystallinities of the KFI zeolite products significantly decreased when the H,0/Al O, ratio fell below 421 or
exceeded 841, forming an amorphous phase. Pure KFI-5.4 zeolite with high crystallinity was obtained at an
H,0/AlQ, ratio of 632.

Furthermore, the influence of the OH/ALO, ratio of the initial mixture, varying from 2.88 to 5.76, on the
crystallization of KFI-5.4 was explored while maintaining the SiO,/Al, O, ratio at 22.0 and the H,O/Al O,
ratio at 632, with OH" introduced by (K")CCH. As illustrated by the vertical line in Figure 3B, an amorphous
product was obtained at an OH/ALO, ratio of 2.88. At an OH/ALO, ratio of 3.60, KFI zeolite, along with
an amorphous phase, was obtained, while a co-crystallized product of KFI and ERI zeolite formed at OH/
AL O, ratios of 5.04 or 5.76. Highly crystalline KFI-5.4 zeolite was formed at an OH /AL O, ratio of 4.32.

New OSDA (K*)CCH

In this study, the addition of KOH to the 18-crown-6 aqueous solution led to the observation of
stratification phenomenon and color change, possibly due to the interaction between K* and crown ether.
This interaction was investigated through liquid-phase UV-Vis adsorption. The UV-Vis adsorption spectra
of (K")CCH diluted with various fractions of DI water [Figure 4 and Supplementary Figure 7] revealed a
distinctive band at 352 nm, attributed to the charge transfer between K" and crown ether"". Notably, this
band was absent in the UV-Vis spectra of pure 18-crown-6 or KOH aqueous solutions [Supplementary
Figures 8 and 9], indicating the formation of a strong interaction between K" and 18-crown-6 in the (K*)
CCH complex. Furthermore, the discrepancy in XRD patterns between pure 18-crown-6 and (K )CCH
powders obtained from vacuum freeze-drying further corroborated the existence of a strong interaction
between K* and 18-crown-6 [Supplementary Figure 10].
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—— 60 wt.% (K")CCH + 40 wt.% H,0
—80 wt.% (K")CCH + 20 wt.% H,0
——100 wt.% (K")CCH
—_
§ 18-crown-6  KOH and
(ac 18-ci -6 (aq)
B ol '
RS
<
200 300 400 500 600 700

Wave length (nm)

Figure 4. UV-Vis adsorption spectra of (K")CCH diluted with different fractions of DI water, and the inserted photographs for the
18-crown-6 aqueous solution (5.7 mol-L™) and the mixture of 18-crown-6 agueous solution (5.7 mol-L™) with KOH. UV-Vis: Ultraviolet-
visible.

To gain further insights into the structure of (K*)CCH, we conducted MS analysis on the 18-crown-6 related
species present in (K")CCH. A peak at m/z 795.2272 was observed in the mass spectrum of (K)CCH
[Supplementary Figure 11], corresponding to [3(18-crown-6)+3H]", indicating the presence of three
18-crown-6 molecules within (K*)CCH. This suggests a highly stable complex formation. Bulk OSDAs with
lower charge densities have been identified as favorable for synthesizing high-silica zeolites”*!. In the
typical complex between K" and 18-crown-6, the 18-crown-6/K" ratio is usually 1. However, in (K")CCH,
this ratio increases to 2.85, indicating a significantly lower charge density.
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To elucidate the role of (K")CCH in directing the formation of KFI-5.4 zeolite, we replaced the as-prepared
(K)CCH with equivalent chemicals of H,O, KOH, and 18-crown-6 under identical crystallization
conditions. Only KFI zeolite with low crystallinity was obtained [Supplementary Figure 12], suggesting that
the stable structure of (K")CCH plays a critical role in the formation of KFI-5.4 zeolite.

Control experiments were conducted to investigate the roles of K and OH' in the formation of KFI-5.4
zeolite, and the results are summarized in Figure 5. Four types of hydroxides, namely LiOH, NaOH, CsOH,
and NH.-H,O (NH,OH), were added to a colorless 18-crown-6 aqueous solution (5.7 mol-L™), with the mole
of each hydroxide equal to that of KOH, respectively. After stirring in the water bath for the same duration
as that of KOH, different mixtures were obtained. Photographs of these mixtures are provided in the inset
of Figure 6 (i.e., 18-crown-6 aqueous solution mixed with NaOH, CsOH, or NH,-H,0) and Supplementary
Figure 13A (18-crown-6 aqueous solution mixed with LiOH). Notably, LIOH could not be completely
dissolved in the 18-crown-6 aqueous solution. Upon addition of NH,-H,O to the 18-crown-6 aqueous
solution, a colorless mixture was formed. However, when NaOH or CsOH was added to the 18-crown-6
aqueous solution, a stratified mixture with a yellow supernatant was obtained, similar to the mixture of
KOH and 18-crown-6 aqueous solution. These observations suggest that Na* and Cs* can interact with
18-crown-6, while the interaction between NH," and 18-crown-6 is uncertain.

The interactions between the positive ions and 18-crown-6 were further examined through liquid-phase
UV-Vis adsorption. In the UV-Vis adsorption spectra [Figure 6 and Supplementary Figure 14] of the yellow
supernatant of the Na* with 18-crown-6 mixture [designated as (Na")CCH], a band at 315 nm is observed,
indicative of ligand-to-metal charge transfer'*>*, suggesting that Na* is bound to 18-crown-6. Similarly, a
band at 317 nm is observed in the UV-Vis adsorption spectra [Figure 6 and Supplementary Figure 15] of the
yellow supernatant of the Cs* with 18-crown-6 mixture [designated as (Cs")CCH], indicating that Cs" is also
bound to 18-crown-6"“". In contrast, the mixture of NH,-H,O and 18-crown-6 exhibits a band similar to that
of the 18-crown-6 aqueous solution (228 vs. 225 nm) in the UV-Vis adsorption spectra [Figure 6 and
Supplementary Figure 16], suggesting no interaction between NH," and 18-crown-6 in the NH,-H,O and
18-crown-6 mixture.

Subsequently, the yellow supernatant of (Na")CCH or (Cs")CCH, instead of (K")CCH, was added to the
initial mixture for the crystallization of KFI-5.4. After heating at 150 °C for 5 days, no KFI zeolite was
obtained [Figure 5], indicating that only the 18-crown-6 complex of K* serves as the structure-directing
agent for KFI-5.4 zeolite, even though other metal ions can also form complexes with 18-crown-e.

Furthermore, the role of OH was investigated using alternative potassium sources instead of KOH, and the
results are presented in Figure 5. In this experiment, KNO, or KCl, equimolar to KOH, was added to the
18-crown-6 aqueous solution (5.7 mol-L") and then heated in a water bath. However, the solid could not be
completely dissolved (Photographs are shown in Supplementary Figure 13B and C, respectively). This
observation demonstrates that OH" facilitates the dissolution of K* in the 18-crown-6 aqueous solution,
thereby forming a complex of K* and 18-crown-6.

Catalytic performance

The catalytic performances of H-KFI-5.4 and other reported small-pore zeolites are summarized in Table 1.
Under the conditions of 0.813 h* WHSV,,;; and NH,/MeOH ratio of 2, it is observed that the MMA plus
DMA selectivity increases to 78.9% from 76.9%, and the MeOH conversion significantly rises to 95.2% from
49.9% with the reaction temperature raised from 300 to 350 °C, thereby greatly improving the yield for
MMA plus DMA from 38.4% to 75.1%. Although H-KFI-3.2 exhibits a higher selectivity of 86.2% for MMA
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Table 1. Comparison of the catalytic performances in the shape-selective synthesis of MAs over as-synthesized high-silica KFl-5.4
zeolite in this work and previously reported small-pore zeolites

. . MeOH Selectivity (%) MMA + DMA
Catalyst Si/Al TCO coieersion (%) MMA D:IlA TMA (MMA + DMA)” !(Iield (%)* > et
H-KFI-5.4 54 300 49.9 359 410 102 769 38.4 This work
350 952 241 548 171 789 75.1
400 49.6 361 336 157  69.7 346
Na(3%)-KFI-5.4 54 350 97.0 227 544 197 771 748
Na(22%)-KFI-5.4 54 350 95.0 260 564 166 824 783
Na(60%)-KFI-54 54 350 72.1 356 516 114 872 629
H-KFI-3.2 32 350 63.4 337 525 51 862 54.7 [81
SAPO-34° - 350 511 342 489 104 831 425 3
380 82.0 268 547 145 815 66.8
DNL-6° - 260 49.7 421 362 46 783 389 [101
300 883 261 459 125 720 63.6
H-rho 39 400 ~35.0 - - - - ~31.0 [9]
H-PST-29 45 400 -48.0 - - - - ~39.0

®Activities at 260, 300, 350, and 380 °C recorded under the condition of 0.813 h” WHSV y.0n and 2.0 NH;/MeOH, and at 400 °C recorded
under the condition of 4.3 h™ WHSV .01 @and 1.0 NHy/MeOH after 600 min on stream; ’MMA plus DMA selectivity in all carbon-based products;
‘MMA plus DMA yield = MeOH conversion x MMA plus DMA selectivity in all carbon-based products; ‘Chemical composition: Sig1goAlo.463P0 348
framework type: CHA; “Chemical composition: Sig5¢4Alg 414P 22,05, framework type: RHO. MAs: Methylamines; MMA: monomethylamine;
DMA: dimethylamine; TMA: trimethylamine.

=i | &} B L KOH | KFI-5.4 zeolite
Separation ‘ Addntmn) ‘u > l NaOH No product

i

Adding hydroxides 0‘2’ | -
or potassium salts & L L N CsO!
p 0‘2’\ Initial mixture Unknown phase
2
l s \eo‘b\é
wi | ﬂ . wi
= < 3>
(s NH,'H,0 5
2 -
18-cr0v‘vn-6 Heating in {I'O Colorless mixture
solution a water bath %"O
Y
<
e X

Incomplete dissolution

Figure 5. Control experiments investigating the role of K" and OH in the formation of KFI-5.4 zeolite.

plus DMA, the lower MeOH conversion of 63.4% results in a lower MMA plus DMA yield of 54.7%".
Previous studies have indicated that increasing the Si/Al ratio of zeolite could enhance the strength of the
Bronsted acid sites, thus improving the MeOH conversion and MMA plus DMA yield”. Based on this
observation, it is reasonable to conclude that the MeOH conversion and MMA plus DMA yield of H-KFI-
5.4 are higher than those of H-KFI-3.2. Furthermore, H-KFI-5.4 exhibits a superior MMA plus DMA yield
compared to SAPO-34"". Although the MMA plus DMA yield of DNL-6 at 300 °C (63.6%) is much better
than that at 260 °C (38.9%), it remains lower than that of H-KFI-5.4 at 350 °C"°!. Under similar conditions,
i.e., 400 °C, 4.3 h" WHSV,,.o;» and 1.0 NH,/MeOH, the H-KFI-5.4, H-rho, and H-PST-29 exhibit
comparable MMA plus DMA vyields Supplementary Figure 18" These results indicate that H-KFI-5.4
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— 18-crown-6 (aq)

—— (Na")CCH

(Cs")CCH

—NH;-H,0 and 18-crown-6 (aq)

225

228

Abs (a.u.)

200 300 400 500 600 700
Wave length (nm)

Figure 6. UV-Vis adsorption spectra of (Na")CCH, (Cs")CCH, NH,-H,O and 18-crown-6 (aq) mixture, and 18-crown-6 aqueous solution
(5.7 mol-L™"), and the inserted photographs for the mixtures of 18-crown-6 (5.7 mol-L™") aqueous solutions with NaOH, CsOH, and
NH,-H,O, respectively. UV-Vis: Ultraviolet-visible.

possesses the top level of catalytic performance among the small-pore zeolites reported up to date,
demonstrating that KFI-5.4 is a promising solid catalyst for the shape-selective synthesis of MAs.

We further prepared Na(3%)-KFI-5.4, Na(22%)-KFI-5.4, and Na(60%)-KFI-5.4 catalysts and investigated
the influence of Na* loading on MeOH conversion and product formation. As shown in Figure 7A-C and
Supplementary Figure 19 and summarized in Table 1, the extremely low Na* loading (i.e., Na/Al ratio x
100% = 3%) has no significant influence on the MeOH conversion and the selectivity/yield of MMA plus
DMA. When the Na' loading increases to 22%, MeOH conversion remains almost unchanged, while the
selectivity of MMA and DMA significantly rises, thereby enhancing the yield of MMA plus DMA. However,
further increasing the Na' loading to 60% results in an increase in MMA plus DMA selectivity but a
significant reduction in MeOH conversion, ultimately reducing the yield of MMA plus DMA.

It is worth noting that DME is not formed for Na(22%)-KFI-5.4 and Na(60%)-KFI-5.4 catalysts, and the
DME selectivity reduction is closely aligned with the increase in MA selectivity for Na(22%)-KFI-5.4 or
Na(60%)-KFI-5.4 [Figure 7D]. This observation is consistent with previously reported findings indicating
that Na* can suppress the DME formation*. Therefore, it is inferred that the presence of Na* alters the
reaction pathway, thereby inhibiting the DME formation while promoting the generation of MAs. This
phenomenon contributes to improving the yield and/or selectivity of the catalyst, explaining the similarity
between the decrease in DME and the enhancement of MA selectivity in reactions catalyzed by Na(22%)-
KFI-5.4 and Na(60%)-KFI-5.4. However, an excessive amount of Na" in Na(60%)-KFI-5.4 will occupy a
significant portion of the acid sites and restrict the accessibility of the KFI framework, resulting in a
substantial reduction in MeOH conversion and, consequently, decreasing the yield of MMA plus DMA.
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Figure 7. (A) MeOH conversion; (B) MMA plus DMA selectivity; and (C) MMA plus DMA yield over H-KFI-5.4, Na(3%)-KFI-5.4,
Na(22%)-KFI-5.4, and Na(60%)-KFI-5.4 catalysts; (D) DME selectivity of H-KFI-5.4 and Na(3%)-KFI-5.4, and the increase in MA
selectivity of Na(22%)-KFI-5.4 or Na(60%)-KFI-5.4 over H-KFI-5.4 in MA synthesis at 350 °C, 0.813 h" WHSV ., and 2.0 NH,
/MeOH. MMA: Monomethylamine; DMA: dimethylamine; DME: dimethyl ether; MA: methylamine; WHSV: weight hourly space
velocity.

CONCLUSIONS

The low-silica H-KFI-3.2 exhibited superior MMA plus DMA selectivity but lower MeOH conversion
(63.4%), resulting in a reduced MMA plus DMA vyield (54.7%) in the shape-selective synthesis of MAs, thus
limiting its potential application in MA synthesis. To address this limitation, KFI zeolite with a high
framework Si/Al ratio of 5.4 was rapidly synthesized using a newly developed OSDA of 18-crown-6/K*
complex [(K')CCH]. The stable structure of the (K")CCH complex proved crucial for forming KFI-5.4
zeolite. The high-silica KFI zeolite obtained in this study exhibited top-level catalytic performance, with
high MeOH conversion (95.2%) and MMA plus DMA yield (75.1%) among small-pore zeolites reported to
date. This highlights KFI-5.4 as a promising solid catalyst for the shape-selective synthesis of MAs.
Moreover, we discovered that a Na' loading of 22% further enhanced the yield and selectivity of MMA plus
DMA. This research presents a high-performance catalyst for MMA and DMA synthesis and offers an
effective zeolite modification method to improve the yield and selectivity of MMA plus DMA in MA
synthesis.
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