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Fluoride-free synthesis of high-silica RHO zeolite
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Low-silica RHO zeolites have been recognized as efficient catalysts for synthesizing industrial intermedi-
ates monomethylamine (MMA) and dimethylamine (DMA) through the reaction of methanol (MeOH) with
ammonia. However, they typically suffer from rapid deactivation. Herein, we report the synthesis of high-
silica RHO zeolite with small crystal sizes (1-2 pm) via interzeolite conversion of SSZ-13, utilizing a
reduced amount of organic structure-directing agent (OSDA) and without the use of fluoride. It was
demonstrated that the double eight-membered rings of RHO zeolite can be formed using the single
eight-membered ring of SSZ-13, resulting in a reduction of OSDA dosage by approximately 30% and Cs*
by about 38%. The resulting high-silica RHO zeolites exhibit an excellent methanol conversion of ~93%, a
high MMA and DMA yield of ~90%, and good reaction durability under conditions more severe than those
of industrial manufacture conditions, at 350 °C with a liquid hourly space velocity at 11.7 h™X. Compared
to directly synthesized high-silica RHO zeolites with larger crystal sizes (3-8 um), interzeolite-converted
high-silica RHO zeolites with smaller crystal sizes show a 10-16% higher yield of MMA and DMA. These
findings highlight the significant potential of high-silica RHO zeolites for the industrial manufacturing of
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1. Introduction

Zeolites are microporous aluminosilicate crystals known for
their uniform channels and adjustable Brensted acid sites,
making them valuable as adsorbents, ion-exchangers, and
catalysts."” Among their applications, the selective synthesis
of methylamine is a key zeolitic-catalyzed reaction for produ-
cing the widely used industrial intermediates monomethyl-
amine (MMA) and dimethylamine (DMA) with high yields.®?
Traditionally, the industrial synthesis of methylamines
involves the vapor-phase reaction of methanol (MeOH) with
ammonia (NHj) over amorphous silica-alumina catalysts
(Brensted acid catalysts) under harsh conditions. These con-
ditions include high temperatures (around 400 °C), high press-

“State Key Laboratory of Inorganic Synthesis and Preparative Chemistry, College of
Chemistry, Jilin University, 2699 Qianjin Street, Changchun 130012, China.

E-mail: yanw@jlu.edu.cn

bNational Engineering Research Center of Lower-Carbon Catalysis, Dalian National
Laboratory for Clean Energy, Dalian Institute of Chemical Physics, Chinese Academy
of Sciences, Dalian 116023, China. E-mail: tianpeng@dicp.ac.cn

“State Key Laboratory of Green Chemical Engineering and Industrial Catalysis,
Sinopec Shanghai Research Institute of Petrochemical Technology Co., Ltd, Shanghai
201208, China

tElectronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4qi01467g

{These authors contributed equally to this work.

This journal is © the Partner Organisations 2024

ures exceeding 2.0 MPa, and NH3;/MeOH mole ratios (N/C)
ranging from 1 to 4.° However, this method tends to produce a
higher proportion of the thermodynamically stable product,
trimethylamine (TMA), rather than MMA or DMA."°

In the 1980s, MOR zeolite, featuring 12-ring (6.5 x 7.0 A)
and 8-ring (3.4 x 4.8 A) channels, found application in the
industrial production of methylamines."" However, the process
required intricate post-treatments to decrease the 12-ring pore
size, preventing the escape of TMA (3.9 x 5.4 x 6.1 A) and
thereby enhancing the selectivity of MMA (3.7 x 3.9 x 4.4 A)
and DMA (3.9 x 4.7 x 6.0 A). These processing methods
involved ion-exchange, steaming, and SiCl, treatment.’®"’ In
pursuit of zeolites with pore sizes (3.0-4.5 A) suitable for inhi-
biting TMA escape, attention has shifted to small-pore zeolites
like AFX, CHA, DDR, ERI, KFI, LEV, LTA, MTF, PWN, RHO, and
UFL."*""” Among these, RHO zeolite stands out due to its three-
dimensional 8-ring channels and pore size of 3.6 x 3.6 A,
making it highly promising as a catalyst because of its excep-
tional MeOH conversion and high selectivity for MMA and
DMA.18719

In 1973, RHO zeolite with a Si/Al ratio of 2.9 was syn-
thesized for the first time using CsOH as the inorganic struc-
ture-directing agent.”® Subsequently, RHO zeolite with a
higher Si/Al ratio of 3.9 was successfully synthesized using
18-crown-6 as the organic structure-directing agent (OSDA).**
However, RHO zeolite (Si/Al = 3.4-4.1) experiences a significant
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drop in MMA and DMA yield (about 40%) and MeOH conver-
sion (about 50%) after 10 h under harsh conditions of 400 °C,
N/C = 1.0, and WHSVyeon = 4.3 h™."7 Investigations have
revealed the formation of coke deposits on the zeolitic cata-
lysts, although their detailed structures have not been
identified."”

Previous studies have shown that increasing the Si/Al ratio
of zeolitic catalyst reduces the number of Brensted acid sites,
which significantly mitigates deactivation but also slightly
decreases MeOH conversion.”” In the synthesis of high-silica
RHO zeolite, methods involving dealumination and one-step
synthesis are commonly employed.'””® Dealumination typi-
cally requires high-temperature steam treatment at
600-800 °C, which consumes substantial energy and raises
safety concerns. In contrast, one-step synthesis has emerged as
a promising method for high-silica RHO zeolite due to its
milder synthesis conditions.>**® However, this approach,
especially for high-silica RHO zeolite (Si/Al > 4.9), often
requires a significant quantity of OSDA, increasing catalyst
cost and environmental pollution.?**” Additionally, when the
Si/Al ratio of the RHO zeolite exceeds 8.0, the use of sodium
fluoride is necessary, which poses environmental risks.”®
Hence, there is a pressing need to develop fluoride-free and
less OSDA-intensive strategies for synthesizing high-silica RHO
zeolite.

In addition to the Si/Al ratio, crystal size significantly
impacts the catalytic performance of zeolitic catalysts.>?""
Large crystal sizes have been reported to lead to decreased
MeOH conversion.?>** Conventionally, high-silica RHO zeo-
lites synthesized via one-step methods have crystal sizes
ranging from 3-8 pm. Hence, there is a need to explore envir-
onmentally friendly methods to reduce crystal size.

In this study, high-silica RHO zeolites were synthesized via
a one-pot interzeolite conversion of calcined SSZ-13 (CHA)
zeolite under fluoride-free conditions and with reduced OSDA
usage. The resulting high-silica RHO zeolites exhibited crystal
sizes in the range of 1.2-1.4 pm and demonstrated excellent
performance in the selective synthesis of methylamine, achiev-
ing MeOH conversion rates of 90-94% and MMA plus DMA
yields of 87-91% under the condition of 350 °C, 2 MPa, N/C =
1.9 and LHSV(MeOH+ammonia) =117 h™! (GHSV(MeOH+ammonia) =
7488 h™"). These conditions are more severe than those typi-
cally used in industrial manufacturing (LHSV(meom+ammonia) =
2.0-3.0 h™"). Compared to conventionally synthesized high-
silica RHO zeolites, the environmentally friendly synthesis
method yielded superior catalytic performance. This work pre-
sents a novel approach for synthesizing high-silica RHO zeo-
lites with enhanced performance in the selective synthesis of
methylamine.

2. Results and discussion
2.1 Characterization of high-silica RHO zeolites

The experimental details along with chemical and materials
are provided in the ESLf The high-silica RHO zeolites with Si/
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Al ratios of 8.7 and 7.3 (Table 1), synthesized via interzeolite
conversion, are denoted as RHO-8.7 and RHO-7.3, respectively.
In contrast, the reference high-silica RHO zeolites with Si/Al
ratios of 7.9 and 6.7 (Table 1), synthesized via conventional
methods,*® are denoted as RHO-7.9C and RHO-6.7C, respect-
ively, in which C indicating conventional. Fig. 1a displays the
simulated XRD pattern of RHO zeolite alongside the experi-
mental patterns of RHO-8.7, RHO-7.9C, RHO-7.3, and RHO-
6.7C. The good agreement among them confirms that each syn-
thesized high-silica RHO zeolite consists of a single phase. The
N, adsorption isotherms at 77 K and texture properties of high-
silica H-RHO zeolites are presented in Fig. 1b and Table S1,f
respectively. As shown in Table S1,f the specific surface area
and pore volume of high-silica H-RHO zeolites resulting from
interzeolite conversion are comparable to those of directly syn-
thesized high-silica RHO zeolites. Fig. 1c illustrates the *°Si MAS
NMR spectra of calcined RHO zeolites with various Si/Al ratios
and seeds. The apparent signals centered at —109 ppm,
—104 ppm, and —97 ppm are attributed to Si(0Al), Si(1Al), and
Si(2Al), respectively.*® With increasing Si/Al ratio of RHO zeo-
lites, the signals assigned to Si(0Al) increase correspondingly,
while the signal assigned to Si(2Al) gradually decreases. Fig. 1d
presents the *’Al MAS NMR spectra of calcined RHO zeolites
with various Si/Al ratios. In all spectra, there is a single sharp
signal centered at 59 ppm, corresponding to the characteristic
peak of tetrahedral framework Al'®> The absence of any signal
around 0 ppm indicates the absence of octahedral extra-frame-
work Al species in all high-silica RHO zeolites.*®

Fig. 2 displays the SEM images of RHO-8.7, RHO-7.3, RHO-
7.9C, and RHO-6.7C, with statistically analyzed average crystal
sizes of 1.2 pm, 3.7 pm, 1.4 pm, and 7.8 pm, respectively. It is
evident that the crystal sizes of the high-silica RHO zeolites
synthesized via interzeolite conversion are smaller compared
to those of high-silica RHO zeolites with similar Si/Al ratios
synthesized directly.

The results of elemental analyses on high-silica RHO zeo-
lites are summarized in Table 1. Previous studies have shown
that RHO zeolite synthesis can involve alkali metal cations
(e.g., Cs"), alkali metal cations combined with crown ether
(e.g., 18-crown-6), or alkali metal-crown ether complexes.*®?’
Due to their lower charge density, alkali metal-crown ether
complexes (e.g., Cs'-18-crown-6) favor the formation of high-
silica RHO zeolites.>>*® In this study, an alkali metal cation-
crown ether complex with the composition
(NaOH), 4+(CsOH)-(18-crown-6), ,-(H,0)10.» is employed as the
OSDA for synthesizing high-silica RHO zeolite. The compo-
sitions of the high-silica RHO zeolites, namely RHO-8.7 and
RHO-7.3, as well as the reference high-silica RHO zeolites,
RHO-7.9C and RHO-6.7C, are determined by combining
elemental analyses and thermogravimetric (TG) analyses
(Fig. S1t), detailed in Run 2, Run 5, Run 24, and Run 27 of
Table 1, respectively. These analyses reveal that, on average,
there are approximately one and a half 18-crown-6 molecules
within the unit cell of high-silica RHO zeolites. Considering
there are two lta cages in each unit cell, roughly 25% of lta
cages remain unoccupied by 18-crown-6 molecules.

This journal is © the Partner Organisations 2024
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Table 1 Synthesis conditions and elemental compositions of synthesized RHO samples (note: the name of each sample contains key information

about the product and/or the variables of the synthetic parameters, including the Si/Al ratio of the zeolite, OSDA/AL,Os ratio, seed loading, tempera-
ture, heating time, and whether fluoride was used, allowing for easy identification)

OSDA/ RHO seeds  Temperature/ Time/  Crystalline c* Si/  Si/ Na/
Run  Sample ALO;  SSZ-13 NaF  (wt% SiO,) °C d phase (wt%) AP Al°  cs?
1 RHO seed” 0.5 - - 0 110 4 RHO 3.5 42 50 24
2 RHO-8.7° 2.8 + - 12 150 4 RHO 6.2 87 85 1.2
3 RHO-8.7-no seed” 2.8 + - 0 150 4 CHA + Amor.
4 RHO-8.7- eq 2.8 - - 12 150 4 LTL + Amor.
5 RHO-7.3" 2.2 + - 10 150 4 RHO 6.1 73 69 1.2
6 RHO-7.3-no seed” 2.2 + - 0 150 4 CHA + Amor.
7 RHO-7.3-eq® 2.2 - - 10 150 4 LTL + Amor.
8 RHO-8.7-15 2.8 + - 15 150 4 RHO 7.9
9 RHO-8.7-3.0 3.0 + - 12 150 4 RHO 7.7
10 RHO-8.7-3.5 3.5 + - 12 150 4 RHO 6.6
11 RHO-7.3-15 2.2 + - 15 150 4 RHO 6.7
12 RHO-7.3-2.5 2.5 + - 10 150 4 RHO 6.9
13 RHO-7.3-3.0 3.0 + - 10 150 4 RHO 6.7
14 RHO-8.7-180 2.8 + - 12 180 4 RHO + ANA
15 RHO-8.7-170 2.8 + - 12 170 4 RHO 8.4
16 RHO-8.7-160 2.8 + - 12 160 4 RHO 8.7
17 RHO-8.7-140 2.8 + - 12 140 4 RHO + CHA
18 RHO-8.7-140-8 2.8 + - 12 140 8 RHO + CHA
19 RHO-7.3-180 2.2 + - 10 180 4 RHO + ANA
20 RHO-7.3-170 2.2 + - 10 170 4 RHO 7.3
21 RHO-7.3-160 2.2 + - 10 160 4 RHO 7.3
22 RHO-7.3-140 2.2 + - 10 140 4 RHO + CHA
23 RHO-7.3-140-8 2.2 + - 10 140 8 RHO + CHA
24 RHO-7.9C’ ‘ 4.0 - + 3 140 6 RHO 6.0 79 83 05
25 RHO-7.9C2.8-12/ 2.8 - + 12 140 6 RHO + Amor.
26 RHO-7.9C-2.8-12no F/ 2.8 - - 12 140 6 RHO + Amor.
27 RHO-6.7C* , 3.3 - - 3 140 6 RHO 6.0 67 6.7 0.7
28 RHO-6.7C-2.2-10/ 2.2 - - 10 140 6 RHO + Amor.

“Determined by the element analyses on the as-synthesized sample. bThe contents of Na, Al and Si are determined by ICP analyses on the as-syn-
thesized sample, the content of Cs is calculated according to the Na (ICP) and Al (ICP) content in the as-synthesized sample.  Determined by the
27A1 MAS NMR and %°Si MAS NMR analyses on the calcined sample. Un—calcmed and the unit cell composition is Nag ¢Cs, 7Alg 35135 7096°(18-
crown-6); ¢-19.7H,0. °The unit cell composition is Na, ;Cs, 3Al5 (Sis3006:(18-crown-6), ¢-13.5H,0. fIn the absence of RHO seeds. ¢ Switch the
parent zeollte SSZ-13 to the initial mixture containing the same components with the pseudo -boehmite as alumina source and the AS-40 as silica
source. " The unit cell composition is Naj ,Cs; 6Als gSi42.,006:(18-crown-6); 6-12.2H,0. ‘The unit cell composition is Na; gCsz ;Al5 5Sisz 5006+(18-
crown-6); ¢-8.9H,0. J Switch the parent zeolite SSZ-13 to the initial mixture containing the same components with the NaAlO, as alumina source
and the AS-40 as silica source. * The unit cell composition is Na, ;Cs3 ;Alg 4Si41.6096°(18-crown-6), -9.1H,0.
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Fig. 1 (a) Experimental and simulated XRD patterns of high-silica RHO > S s e —

zeolites, (b) N, adsorption isotherms of high-silica H-RHO samples; (c)
295i MAS NMR spectra and (d) 2’Al MAS NMR spectra of calcined RHO  Fig. 2 SEM images of (a) RHO-8.7, (b) RHO-7.9C, (c) RHO-7.3, and (d)
zeolites with different Si/Al ratios. RHO-6.7C.
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2.2 Process of interzeolite conversion

The X-ray diffraction (XRD) patterns of the solid samples iso-
lated throughout the crystallization of RHO-8.7 and RHO-7.3
are presented in Fig. 3a and b, respectively. In Fig. 3a, the
intensity of the characteristic peaks of SSZ-13 (26 = 9.7°, 13.1°,
14.2°,18.0°, 23.4°, 26.3°, 28.5°, and 31.1°) gradually decreases,
and an amorphous broad peak (15-30°, Fig. S21) emerges
within 2 d of heating, indicating the progressive decompo-
sition of the long-range order of parent SSZ-13.°*°° After
heating for 3 d, the characteristic peaks of SSZ-13 are no
longer visible, indicating complete dissolution. Due to the
presence of RHO seeds, characteristic peaks of RHO zeolite at
20 = 8.4°, 18.8°, 26.7°, and 32.9° are observed in the XRD
pattern of the isolated solid sample initially (0 h). As the crys-
tallization progresses, the intensity of RHO zeolite peaks
gradually increases, reaching a maximum at 4 d. Prolonging
the crystallization time to 5 d does not increase the peak inten-
sity, indicating the completion of RHO-8.7 crystallization after
4 d. Fig. 3b depicts the XRD patterns of solid samples isolated
during RHO-7.3 crystallization, showing a similar behavior to
RHO-8.7. Highly crystalline RHO-7.3 is obtained after 4 d of
crystallization. Fig. 3¢ and d illustrate the evolution of relative
crystallinity during the crystallization of RHO-8.7 and RHO-
7.3, respectively. The relative crystallinity of the product is rep-
resented by the crystallization curve. These results align with
the XRD patterns presented in Fig. 3a and b, respectively.

To investigate the evolution of structural building units
during the interzeolite conversion of SSZ-13 zeolite to high-
silica RHO zeolites, we analyzed solid samples isolated
throughout the crystallization of RHO-8.7 and RHO-7.3 using
FT-IR spectra, as shown in Fig. 4a and b, respectively. Previous
investigations have assigned the IR bands at 676 cm™,
646 cm™' and 536 cm ™!, and 604 cm™! to the vibrations of s8r

units,*® dér units,*'™** and d8r units,** respectively. In Fig. 4a,
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Fig. 3 XRD patterns of the isolated solid samples throughout the crys-
tallization of (a) RHO-8.7 and (b) RHO-7.3; SSZ-13/RHO zeolite relative
crystallinity as a function of crystallization time during the interzeolite
conversion of (c) RHO-8.7 and (d) RHO-7.3.
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Fig. 4 FT-IR spectra of the isolated solid samples throughout the crys-
tallization of (a) RHO-8.7 and (b) RHO-7.3.

1 and

the IR bands corresponding to dér units (646 cm™
536 cm™') and s8r units (676 cm™") completely disappear after
3 d of heating, indicating the complete decomposition of the
parent SSZ-13 after 3 d of crystallization, consistent with the
results in Fig. 3a. Meanwhile, the IR band associated with d8r
units (604 cm ™) is slightly detectable after 2 d of heating and
becomes significant after 3 d of heating, indicating the for-
mation and growth of RHO-8.7, which corroborates the results
in Fig. 3a.

Fig. 4b illustrates the FT-IR spectra of solid samples iso-
lated throughout the crystallization of RHO-7.3, showing
similar variations in s8r units (676 cm™"), dér units (646 cm™*
and 536 cm™'), and d8r units (604 cm™"). However, it is note-
worthy that during the crystallization process of RHO-7.3, the
IR bands corresponding to dér units (646 cm™" and 536 cm ™)
and s8r units (676 cm™') completely vanish after 4 d of
heating, compared to 3 d for RHO-8.7. This suggests that the
parent SSZ-13 zeolite with a Si/Al ratio of 10 for RHO-8.7
decomposes faster than the parent SSZ-13 zeolite with a Si/Al
ratio of 8 for RHO-7.3, likely due to the higher Si/Al zeolite
being more easily dissolved under alkaline conditions.*>*

As depicted in Fig. 4a and b, the intensity of the band
corresponding to s8r units (676 cm™') in SSZ-13 gradually
diminishes, while the intensity of the band attributed to d8r
units (604 cm™") in RHO zeolite rapidly increases during the
crystallization process. It has been reported that the structural
units of the parent zeolite can be retained and then transfer to
the structural units of the daughter zeolite during the interzeo-
lite conversion process.””*° A recent example is that the intrin-
sic s6r units in diatomite combine to form dér units in SSZ-13
during the synthesis of SSZ-13 using diatomite as the source,
significantly decreasing the crystallization time of $SZ-13.°
According to the evolution of the FT-IR signals of s8r units
and d8r units in Fig. 4, it can be inferred that the d8r units of
RHO zeolite may originate from the fusion of the s8r units of
the decomposed parent SSZ-13.

This journal is © the Partner Organisations 2024
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To further verify this hypothesis, UZM-12 (ERI) zeolite and
SSZ-39 (AEI) zeolite, which possess similar frameworks to
$SZ-13 and contain s8r units,>' ™ were used as parent zeolites
for the synthesis of RHO zeolite through interzeolite conver-
sion. When UZM-12 is used as the parent zeolite, after crystalli-
zation at 150 °C for 4 d, highly crystalline RHO zeolite is
obtained (Fig. S3at), even though the possible impurity of ANA
zeolite also forms,**?! which strongly supports the hypothesis
that s8r units in the parent zeolite combine to form d8r units
of RHO zeolite. For SSZ-39 as the parent zeolite, despite the
characteristic peaks of SSZ-39 appearing in the product, the
presence of the characteristic peaks of RHO zeolite in the
product also supports this speculation (Fig. S3bf).
Additionally, the appearance of MOR zeolite by prolonging the
heating time to 8 d (Fig. S3bt) suggests that MOR zeolite can
also be synthesized during the crystallization of high-silica
RHO zeolites.”® Thus, it is inferred that parent zeolites con-
taining s8r units are prone to converting into d8r units of RHO
zeolite under suitable synthetic conditions, which also
accounts for shortening the crystallization time in the inter-
zeolite conversion process.

2.3 Factors affecting the crystallization of high-silica RHO
zeolites

The detailed investigation of the influence of synthetic para-
meters on the interzeolite conversion crystallization of high-
silica RHO zeolites is summarized in Table 1. First, the parent
SSZ-13 (Si/Al = 10) was replaced by SSZ-13 with a higher Si/Al
ratio of 35 to verify the universality of the interzeolite conver-
sion of SSZ-13 to RHO zeolites. The appearance of the charac-
teristic peaks of RHO zeolite in the XRD pattern of the product
suggests that the interzeolite conversion from SSZ-13 to RHO
zeolite is a universal process (Fig. S4at). Subsequently, the role
of the seed is examined (Run 2-7 in Table 1). Under optimal
conditions, highly crystalline RHO-8.7 (Run 2) and RHO-7.3
(Run 5) are successfully synthesized. In the absence of RHO
seed (Run 3 for RHO-8.7 and Run 6 for RHO-7.3), no RHO
zeolite is formed, and the products contain the parent SSZ-13
zeolite along with an amorphous phase (Fig. S4b and S4cft).
When the parent SSZ-13 zeolite is replaced with an initial
mixture containing the same components but with pseudo-
boehmite as the alumina source and AS-40 as the silica source
(Run 4 for RHO-8.7 and Run 7 for RHO-7.3), the product con-
tains LTL zeolite impurities along with an amorphous phase
(Fig. S47). This outcome underscores the essential role of the
interzeolite conversion process in facilitating the formation of
RHO zeolite.

In the interzeolite conversion process, the primary synthetic
variables include the quantity of seeds and OSDA/Al,O; ratio.
Consequently, we explored the phase diagram, or crystalliza-
tion field, of RHO-8.7 and RHO-7.3 by varying the OSDA/AIL,O;
ratio and the amount of RHO seed. The results are illustrated
in Fig. S51 (Fig. S5at for RHO-8.7 and Fig. S5bt for RHO-7.3),
with relevant details provided in Table 1. As observed in
Fig. S5,T the formation of pure phases of RHO-8.7 and RHO-
7.3 is determined by both the quantity of seeds and the OSDA/
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Al,O; ratios. For RHO-8.7, the quantity of RHO seed is con-
strained to the range of 12-15% (Fig. S5at). Additionally, the
Si/Al ratio of these resulting pure RHO zeolites varies with
changes in the OSDA/AI,O; ratio and seed quantity (Run 8-10).
Furthermore, the Si/Al ratio of these RHO zeolites is also influ-
enced by the heating temperature and crystallization time
(Run 15 and 16). To minimize the OSDA usage while attaining
a high-silica RHO product, the optimal OSDA/Al,O; ratio and
amount of RHO seeds for RHO-8.7 are determined to be 2.8
and 12 wt% of SiO,, respectively. For RHO-7.3, the quantity of
RHO seed is constrained to the range of 10-15% (Fig. S5b¥).
Again, the Si/Al ratio of these resulting pure RHO zeolites
varies (Run 11-13) and is influenced by the heating tempera-
ture and crystallization time (Run 20 and Run 21). The most
suitable OSDA/AI,O; ratio and amount of RHO seeds for RHO-
7 are 2.2 and 10 wt% of SiO,, respectively. Deviation from the
optimal composition of the initial mixture can result in the
preservation of the parent SSZ-13 zeolite and the formation of
MOR zeolite (Table 1 and Fig. S57).

Upon investigating the influence of heating temperature,
150 °C is identified as the optimal crystallization temperature
(Table 1). The results presented in Table 1 and Fig. S5 demon-
strate that a single phase of RHO zeolite with a Si/Al ratio of
8.7 can be achieved in Run 2 (150 °C) and Run 16 (160 °C),
while a Si/Al ratio of 7.3 can be synthesized in Run 5 (150 °C),
Run 20 (170 °C), and Run 21 (160 °C) through the interzeolite
conversion of SSZ-13. Consequently, Run 2 and Run 5 are
identified as the optimal conditions for RHO-8.7 and RHO-7.3,
respectively.

In contrast, the reference high-silica RHO zeolite with a Si/
Al ratio of 7.9 (RHO-7.9C) is directly synthesized from the
initial mixture with an OSDA/AI,O; ratio of 4.0 and in the pres-
ence of fluoride (Run 24)>* Its composition is
Na; gCs3 ;Al5 55145 5006+(18-crown-6); -8.9H,0. Another refer-
ence high-silica RHO zeolite with a Si/Al ratio of 6.7 (RHO-
6.7C) is directly crystallized in the absence of fluoride (Run
27), with a composition determined as
Na, ;Cs3.7Als 4Si41.6006-(18-crown-6); 6-9.1H,0. In the interzeo-
lite conversion crystallization of RHO-8.7
(Na, ;Csy 3Al5 ¢Sig3006-(18-crown-6), ¢-13.5H,0), the OSDA/
Al,Oj ratio is 2.8. Comparatively, the OSDA/AIl,O; ratio of 2.8 in
the crystallization of RHO-8.7 is reduced by 30% compared to
the OSDA/AL,O; ratio of 4.0 in the synthesis of RHO-7.9C.
Thus, the cost of RHO-8.7 is approximately 79% of RHO-7.9C
based on the market price of the chemicals. Furthermore, the
amount of Cs' in the interzeolite-converted RHO-8.7 is 38%
less than that in the directly synthesized reference RHO-7.9C
zeolites. Similarly, in the synthesis of RHO-7.3, the OSDA/
Al,O; ratio of 2.2 is reduced by 33% compared to the OSDA/
Al,O; ratio of 3.3 in another reference high-silica RHO-6.7C.
Thus, the cost of RHO-7.3 is approximately 81% of RHO-6.7C
based on the market price of the chemicals, and the amount
of Cs" in the interzeolite-converted RHO-7.3 is reduced by 30%
compared with the directly synthesized reference RHO-6.7C
zeolites. When the OSDA/Al,O; ratio of 4.0 and the seed
loading of 3% in Run 24 (the optimal recipe for RHO-7.9C
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reported™?) are decreased to 2.8 and increased to 12%, respect-
ively, amorphous phase is obtained alongside crystalline RHO
zeolite (Run 25 and Run 26). Similar results are observed for
RHO-6.7C (Run 27 and Run 28). These findings suggest that
the formation process of high-silica RHO zeolite in the inter-
zeolite conversion synthesis differs from that in direct syn-
thesis. Moreover, interzeolite conversion synthesis requires sig-
nificantly less OSDA and Cs' than the direct synthesis
approach due to the sufficient s8r species in the interzeolite
conversion approach from the decomposition of the parent
SSZ-13 zeolite. The s8r species can further form d8r building
units via fusion, the basic building units of RHO zeolite, align-
ing with the results obtained from FT-IR spectra. In contrast,
in the direct synthesis approach, the formation of d8r building
units necessitates direction by Cs' and/or Cs'-crown ether
complex, leading to greater consumption of Cs' and crown
ether.

2.4 Catalytic performance of high-silica RHO zeolites

The catalytic performance of H-RHO-8.7 and H-RHO-7.3 in the
selective synthesis of methylamine was investigated, and the
corresponding results are summarized in Table 2. The details
of catalytic conditions are provided in the ESIL.{ For compari-
son, the catalytic performance of other zeolites reported in the
literatures under typical catalytic conditions (350 °C, N/C = 2,
normal pressure, WHSVyeon = 0.813 h™, GHSV(meoH rammonia)
=698 h™'; 400 °C, N/C = 1, normal pressure, WHSVypcon =
4.3 h™', GHSV(meon+ammonia) = 3972 h™") is also included in
Table 2. These zeolites include H-MOR zeolite, a commercial
catalyst for the selective synthesis of methylamine,”® H-ZK-5
(KFI),"® H-PST-29 (PWN),’® and SAPO-34 (CHA).'® Table 2 indi-
cates that the MMA plus DMA yield of the RHO zeolitic cata-
lysts (H-RHO-8.7, H-RHO-7.3, and H-RHO) is higher than that
of the other zeolitic catalysts, suggesting that RHO zeolite has
advantages for the selective synthesis of methylamine via the
vapor-phase reaction of MeOH with NH;.'>'%1°

Under the harsh catalytic conditions (400 °C, WHSVyeon =
4.3 h™, and N/C molar ratio of 1 for the feed gas), the H-RHO
with a Si/Al ratio of 4.1 exhibits the highest MMA plus DMA
yield of approximately 84% after 1 h of reaction. However, this
yield dramatically drops to around 45% after 10 h of reaction.
In comparison, under the same harsh catalytic conditions, the
MMA plus DMA yield of H-RHO-8.7 and H-RHO-7.3 changes
by less than 1.0% after 10 h. The significant deactivation of
the zeolitic catalysts after 10 h of reaction is also observed in
low-silica zeolites, including H-PST-29 (Si/Al = 5.0) and H-MOR
(Si/Al = 5.0). The MMA plus DMA yield of H-PST-29 and H-
MOR decreases from approximately 52% and 32% to about
40% and 30%. This rapid deactivation can be attributed to the
low-silica nature of these zeolites, which may result in a higher
density of Brensted acid sites and consequently a faster for-
mation of organic deposits compared to the high-silica H-RHO
zeolites.>”™>°

It is well recognized that the dealumination of low-silica
zeolites can improve the framework Si/Al ratio and mitigate
the catalyst deactivation.'” However, compared to the corres-
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ponding low-silica zeolites, the resultant high-silica zeolites
often exhibit lower crystallinity and reduced activity
(Table 2).°° For instance, when the Si/Al ratio of H-RHO and
H-PST-29 is increased to 11.0 and 12.0 from 4.1 and 5.0
through dealumination, respectively, the MMA plus DMA yield
of the dealuminated samples after 10 h of reaction under the
same harsh conditions (400 °C, WHSVyeom = 4.3 h™, N/C = 1)
decreases to approximately 55% and 53% from around 71%
and 61%, respectively. In contrast, the high-silica H-RHO zeo-
lites synthesized via interzeolite conversion exhibit signifi-
cantly greater durability than all other zeolitic catalysts, indi-
cating that H-RHO-8.7 and H-RHO-7.3 hold great potential for
industrial applications.

To determine the optimal reaction temperature for the
selective synthesis of methylamine, we investigated the cata-
Iytic performance of H-RHO-8.7 and H-RHO-7.3 in the temp-
erature range of 250-400 °C. The results for MeOH conversion,
yield of MMA plus DMA, selectivity of MMA plus DMA, and
selectivity of TMA are presented in Fig. 5, respectively. Overall,
the influence of reaction temperature on the catalytic perform-
ance of H-RHO-8.7 is similar to that on the catalytic perform-
ance of H-RHO-7.3. As illustrated in Fig. 5a, the MeOH conver-
sion of H-RHO-8.7 and H-RHO-7.3 rapidly increases from
20-30% at 250 °C to 97-98% at 350 °C. Further increasing the
reaction temperature to 400 °C results in a MeOH conversion
of 99%. Considering that the 1% increase in MeOH conversion
with a 50 °C temperature increase is not significant, 350 °C is
recommended as the optimal reaction temperature for both H-
RHO-8.7 and H-RHO-7.3. Moreover, the yield of MMA plus
DMA for both H-RHO-8.7 and H-RHO-7.3 reaches its
maximum at 350 °C (Fig. 5b). The selectivity for MMA plus
DMA peaks at 350 °C for H-RHO-7.3, while for H-RHO-8.7, the
maximum selectivity is observed at 300 °C (Fig. 5c¢). Similar to
MeOH conversion, the selectivity for TMA increases with rising
reaction temperature for both zeolites (Fig. 5d). These results
suggest that 350 °C is an optimum reaction temperature for
the selective synthesis of methylamine over H-RHO-8.7 and H-
RHO-7.3.

To assess the potential of high-silica H-RHO zeolites for
industrial applications, we investigated their catalytic perform-
ance under condition of 350 °C, 2 MPa, LHSV(ycon+ammonia) =
11.7 h™" (GHSV(meom+ammonia) = 7488 h™'), and N/C = 1.9,
which are significantly more severe than industrial conditions
(LHSV(meom+ammonia) = 2.0-3.0 h™" (ref. 61)). The evaluated zeo-
lites included the interzeolite converted H-RHO-8.7 and H-RHO-
7.3, as well as the directly synthesized H-RHO-7.9C and H-RHO-
6.7C. Fig. 6 depicts the MeOH conversion (Fig. 6a), yield of
MMA plus DMA (Fig. 6b), selectivity of MMA plus DMA (Fig. 6c¢),
and selectivity of TMA (Fig. 6d) for these four high-silica H-RHO
zeolites. All high-silica H-RHO zeolites exhibit high activity and
selectivity for MMA plus DMA during the reaction. After 6 h on
stream, the reduction in yield and selectivity is negligible, indi-
cating excellent durability for all four high-silica H-RHO zeo-
lites. According to Fig. 6a, the interzeolite-converted H-RHO-8.7
and H-RHO-7.3 exhibit approximately 10% higher activity than
the directly synthesized reference H-RHO-7.9C and H-RHO-6.7C,
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Table 2 Comparison of catalytic performances of zeolitic catalysts on selective synthesis of methylamine under various conditions

Selectivity (%)

Time on Temperature WHSVyeon MeOH MMA plus MMA plus
Sample Si/Al  Stream (h) N/C’ (°C) (h™) Conversion (%) DMA® TMA DMAYield? (%) Ref.
H-RHO-8.7 9.3¢ 3.0 2 350 0.813 96.77 77.85 13.59 75.34 This Work
H-RHO-7.3 7.54 3.0 2 350 0.813 98.05 75.54 12.99 74.07 This Work
H-ZK-5 3.2 3.0 2 350 0.813 63.4 86.2 5.1 54.7 15
H-ZK-5 (K, Cs) 2.9 3.0 2 350 0.813 69.5 80.0 7.6 55.6 15
SAPO-34 0.4 2.8 2 350 0.813 51.07 83.13 10.40 42.45 18
H-RHO-8.7 9.3% 1.0 1 400 4.3 97.35 68.09 18.22 66.29 This work
H-RHO-8.7 9.3 10.0 1 400 4.3 95.87 68.18 11.05 65.36 This work
H-RHO-7.3 7.5% 1.0 1 400 4.3 98.04 70.00 18.86 68.63 This work
H-RHO-7.3 7.5 10.0 1 400 4.3 96.93 71.63 13.31 69.43 This work
H-RHO 4.1 1.0 1 400 4.3 ~97 ~87 ~13 ~84 17
H-RHO 4.1 10.0 1 400 4.3 ~50 ~90 ~10 ~45 17
H-PST-29 5.0 1.0 1 400 4.3 ~65 ~80 ~20 ~52 17
H-PST-29 5.0 10.0 1 400 4.3 ~48 ~83 ~17 ~40 17
H-RHO 11.0 1.0 1 400 4.3 ~80 ~88 ~12 ~71 17
(dealuminated)
H-RHO 11.0 10.0 1 400 4.3 ~62 ~88 ~12 ~55 17
(dealuminated)
H-PST-29 12.0 1.0 1 400 4.3 ~73 ~84 ~16 ~61 17
(dealuminated)
H-PST-29 12.0 10.0 1 400 4.3 ~65 ~82 ~18 ~53 17
(dealuminated)
H-MOR 5.0 1.0 1 400 4.3 ~70 ~46 ~54 ~32 17
H-MOR 5.0 10.0 1 400 4.3 ~60 ~50 ~50 ~30 17

“Determined by the ICP analyses. b Molar ratio of the feed gas composition. * MMA plus DMA selectivity in all carbon base products. 4 MMA plus
DMA yield = MeOH conversion x MMA plus DMA selectivity in all carbon base products.
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of MMA plus DMA and (d) selectivity of TMA in the selective synthesis of
methylamine catalyzed by H-RHO-8.7 and H-RHO-7.3 at reaction temp-
erature of 250-400 °C, normal pressure, N/C = 2, WHSVpeon =
0.813n7t (GHSV (MeOH-+ammonia) = 698 h7Y), and time on stream = 2.0 h.

suggesting that high-silica RHO zeolites formed via interzeolite
conversion possess unique features that enhance MeOH conver-
sion. In contrast to the results in Fig. 5d, the TMA selectivity of
the four high-silica H-RHO zeolites under condition of 350 °C, 2
MPa, N/C = 1.9, and LHSV(methanoltammonia) = 11.7 h7!

This journal is © the Partner Organisations 2024

of MMA plus DMA and (d) selectivity of TMA in selective synthesis of
methylamine of high-silica H-RHO zeolites under the condition of
severe manufacture at 350 °C, 2 MPa, N/C = 1.9 and LHSV meoH-+ammonia)
=117 h™* (GHSV(MeoH+ammonia) = 7488 h™).

(GHSV(meom+ammonia) = 7488 h™") is only 2-3% (Fig. 6d). This
indicates that higher space velocity can suppress TMA formation
by promoting the release of MMA and DMA from active sites,
thereby preventing further reactions between DMA and MeOH
to form TMA.®* Consequently, increasing the space velocity can
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enhance selectivity for MMA plus DMA and reduce selectivity
for TMA."3

As mentioned earlier, the formation of methylamines
through the vapor-phase reaction of MeOH with NH; relies
heavily on Bregnsted acid sites, which significantly influence
the catalytic activity. To gain further insights into the catalytic
behavior of these high-silica H-RHO zeolites, NH;-TPD ana-
lyses were conducted on H-RHO-8.7, H-RHO-7.9C, H-RHO-7.3,
and H-RHO-6.7C. The NH;-TPD profiles are provided in
Fig. S6.7 Upon deconvolution, three peaks emerged, centered
at 160-180 °C, 210-230 °C, and 490-550 °C, corresponding to
NH; desorption from weak, medium, and strong acid sites,
respectively. The precise peak center and area of each profile
are summarized in Table S2.7 According to the literature,
medium acid sites are the active sites for methylamine pro-
duction during synthesis, whereas strong acid sites produce
the side-product DME.®® Notably, the resultant DME can
further convert to methylamine during industrial conditions
or more severe conditions, explaining why the four high-silica
RHO zeolites exhibit almost identical selectivity for MMA plus
DMA (Fig. 6¢)."® Thus, it can be concluded that both medium
and strong acid sites are important factors on the catalytic per-
formance of methylamine production. According to the acidic
properties of the four high-silica H-RHO zeolites list in
Table S2,t the order of the amounts of medium and strong
acid sites is H-RHO-6.7C > H-RHO-7.3C > H-RHO-8.7 > H-
RHO-7.9C. Interestingly, the order of MeOH conversion in
Fig. 6a is H-RHO-7.3 > H-RHO-8.7 > H-RHO-7.9C > H-RHO-
6.7C, which is inconsistent with the order of the amounts of
medium and strong acid sites, suggesting the presence of
other contributing factors affecting MeOH conversion.

Previous studies have demonstrated that mass transfer in
microporous zeolites can significantly impact their appli-
cations in catalysis.*’ The interactions between zeolite chan-
nels and guest molecules increase transport resistance and
affect the MeOH conversion.>® Thus, decreasing the crystal
sizes of zeolites would be beneficial for improving mass trans-
fer, thereby enhancing MeOH conversion. In this study, the
average crystal sizes of RHO-8.7, RHO-7.3, RHO-7.9C, and
RHO-6.7C are 1.2, 1.4, 3.7, and 7.8 pm, respectively (Fig. 2).
Among high-silica RHO zeolites with similar crystal sizes, H-
RHO-7.3, with a larger amount of medium and strong acid
sites (Table S21), demonstrates higher MeOH conversion
(~93%) than H-RHO-8.7 (~90%). This indicates that a higher
amount of medium and strong acid sites results in higher
MeOH conversion among zeolitic catalysts with similar crystal
sizes. However, although H-RHO-6.7C has more medium and
strong acid sites than the other catalysts (Table S27), it shows a
lower MeOH conversion (~76%) compared to H-RHO-7.9C
(~80%). This is likely due to H-RHO-6.7C having a much
larger crystal size (7.8 pm) than H-RHO-7.9C (3.7 pm). This
indicates that larger crystal size leads to lower MeOH conver-
sion when zeolitic catalysts have similar medium and strong
acid sites. Thus, it can be concluded that both the amounts of
medium and strong acid sites and the crystal size are the
important factors affecting MeOH conversion. Considering the
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amounts of medium and strong acid sites in H-RHO-7.3 and
H-RHO-8.7 are basically equal to or less than those of H-RHO-
6.7C and H-RHO-7.9C, the crystal sizes of H-RHO-7.3 and H-
RHO-8.7 are smaller than those of RHO-6.7C and RHO-7.9C,
and the MeOH conversion of H-RHO-7.3 and H-RHO-8.7 is
higher than that of H-RHO-6.7C and H-RHO-7.9C, it is clear
that smaller crystal size leads to better mass transfer pro-
perties, which is likely the reason for the higher MeOH conver-
sion of H-RHO-7.3 and H-RHO-8.7 compared to H-RHO-6.7C
and H-RHO-7.9C.

3. Conclusions

In this study, we devised an environmentally friendly interzeo-
lite conversion method to synthesize high-silica RHO zeolites
with Si/Al ratios of 8.7 (RHO-8.7) and 7.3 (RHO-7.3). This
method facilitates the transformation of SSZ-13 zeolite into
high-silica RHO zeolites with crystal sizes ranging from 1 to
2 pm, achieved without the use of fluoride and with a reduced
amount of OSDA by approximately 30% and Cs' by approxi-
mately 38% compared to the direct synthesis method. This
reduction may be attributed to the formation of d8r through
the fusion of s8r units resulting from the decomposition of
SSZ-13. In contrast, the direct synthesis of high-silica RHO zeo-
lites relies on the direction of these s8r units by a significant
amount of OSDA. The interzeolite-converted high-silica RHO
zeolites exhibit high activity in the selective synthesis of
methylamine, owing to their appropriate amounts of acid sites
and relatively small crystal sizes. Under the condition (350 °C,
2 MPa, N/C = 1.9, LHSV(meconrammoniay = 11.7 h7%
GHSV (Mot +ammonia) = 7488 h™) which is more severe than
industrial conditions (LHSV(yeom+ammonia) = 2.0-3.0 h™), the
MeOH conversion reaches approximately 93%, with a yield of
approximately 90% and a selectivity of 97% for MMA plus
DMA. Additionally, the selectivity for TMA is approximately
3%. No deactivation is observed after 6 h of reaction. The out-
standing catalytic performance of the interzeolite-converted
high-silica RHO zeolite positions it as a promising industrial
catalyst for the selective synthesis of methylamines via the
vapor-phase reaction of methanol with NH;.
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