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Abstract The aluminosilicate zeolite SSZ-13 and zeolitic silicoaluminophosphate molecular sieve (SAPO

MS) SAPO-34 have been widely used in commercialized catalytic applications , such as the methanol-to-olefins

(MTO) process and the selective catalytic reduction of NO, with NH, (NH,-SCR). Nowadays, a variety of
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commercialized organic structure-directing agents (OSDAs) have been utilized for preparing SAPO-34, while
the OSDAs for synthesizing SSZ-13 still mainly relies on the classical N, N, N-trimethyladamantammonium
hydroxide (TMAdaOH ). Therefore, it is of great significance to seek for the suitable OSDAs, which can direct
the synthesis of SSZ-13 with higher cost performance and appliable high silicon-to-alumina ratio (SAR).
Herein, three OSDAs used for preparing SAPO-34 [ diisopropylamine (DIPA) , dipropylamine (DPA) and
n-butylamine (nBA ) ] were successfully employed for synthesizing SSZ-13 by partial replacing the expensive
TMAdaOH with or without the assistance of seeds. Systemic investigation focused on SSZ-13 preparation was
explored by powder X-ray diffraction (PXRD) and solid-state nuclear magnetic resonance (ss-NMR) analyses.
As a result, the as-synthesized SSZ-13 zeolites possess a tunable range of SARs(11—22) and Cu-SSZ-13 cata-
lysts show excellent NH;-SCR performance compared with commercialized ones. The erystallization mechanism
of SSZ-13 synthesized by DIPA and TMAdaOH were also studied and the addition of DIPA would accelerate
the crystallization process, improve the yields, and prevent the formation of amorphous phase. The work pre-
sented here might provide new insights for identifying more efficient and commercialized OSDAs for preparing
SSZ-13 with tailored properties.
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1 Introduction

The aluminosilicate zeolite SSZ-13 and zeolitic silicoaluminophosphate molecular sieve (SAPO MS)
SAPO-34 with the identical CHA topology have been regarded as the important solid-acid catalysts'"’, especial-
ly for the selective catalytic reduction (SCR) of diesel exhaust>*' and the methanol to olefins (MTO) reac-
tion'**". Therefore, preparations of both catalysts are widely and systematically investigated. Both SSZ-13 and
SAPO-34 are three-dimensional (3D) CHA framework containing cha cages with small pore openings (delimi-
ted by eight tetrahedral atoms such as Si, P, or Al). It is of interest to note that SAPO-34 could be synthe-
sized with tunable Si contents with the assistance of multifarious and economical organic structure-directing
agents (OSDAs) "', while appropriate OSDAs for preparing SSZ-13 are relatively limited. The initial OSDA
for synthesizing SSZ-13 was N, N, N-trimethyladamantammonium hydroxide (TMAdaOH) """, which has dis-
played a strong directing capability even in different synthetic systems, such as the traditional hydrothermal
method"™”', inter-zeolite transformation'', dry gel conversion'"*’, and steam-assisted conversion'. However,
the utilization of TMAdaOH will come with huge budgets and further impede large-scale industrial production.
In this case, developing cost-effective and capable OSDAs to completely or partially replace TMAdaOH has a
great practical significance.

A series of quaternary amines imitating the shape of TMAda® cation has been identified for completely
replacing TMAda® to synthesize SSZ-13. For example, Itakura et al. '® used benzyltrimethylammonium
hydroxide (BTMOH) as OSDA to synthesize SSZ-13, which would take a longer crystallization time (21 d).
Other OSDAs with a similar structural feature were also discovered, namely N, N, N-dimethylethylcyclohexyl-
ammonium hydroxide (DMECHAOH) and its bromide"”™™ | but they are not commercially available and
require additional chemical preparation. Based on this, a commercialized and security quaternary amine, cho-

20 However, it is still challenging to syn-

line chloride (CC), was selected and could largely reduce the cost'
thesize SSZ-13 with high silicon-to-alumina ratio(SAR) by utilizing CC as the OSDA. Except for the use of tra-
ditional organic amines, Ren et al. **" developed the one-pot method to directly synthesize Cu-SSZ-13 by em-
ploying a metal complex Cu-tetraethylenepentamine (Cu-TEPA). This strategy can also relieve the economic

burden but is difficult to acquire Cu-free SSZ-13 or SSZ-13 zeolites with tunable SARs. Moreover, it is worth
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mentioning that the OSDA-free method, which totally abandons the use of OSDAs, could also be an alternative
approach for the preparation of SSZ-13">%". However, the products still held the low SAR under the hydrother-
mal condition.

Another route for preparing SSZ-13 is to partially replace TMAdaOH by other OSDAs with a reasonable
price. For instance, Martinez-Franco et al. ** found that the employment of Cu-TEPA and TMAdaOH enabled
the synthesis of Cu-SSZ-13 catalysts with controlled SARs and the samples obtained by this modified one-pot
method showed good NH,-SCR performance. Moreover, Guo et al. >
to synthesize SSZ-13 (SAR~10) by using tetramethylammonium hydroxide (TMAOH) and TMAdaOH. The

addition of TMAOH not only decreased the consumption of TMAdaOH, but also facilitated crystal growth by

also developed an economic approach

bridging the neighboring grains. This signifies that OSDAs appropriate for other zeolites might be favorable to
the synthesis of SSZ-13.

Since SAPO-34 and SSZ-13 are closely related from the structural point of view, it would be interesting to
attempt to fully or partially utilize commercialized OSDAs used for SAPO-34 to synthesize SSZ-13. However,
there are few literatures regarding the direct synthesis of SSZ-13 by using OSDAs of SAPO-34",

Herein, we proposed an economic method to synthesize SSZ-13 through the partial replacement of
TMAda"by OSDAs directing the synthesis of SAPO-34. The as-made SSZ-13 samples showed an applicable
SAR region(11—22) and the Cu* exchanged SSZ-13 displayed excellent NH,-SCR performance.

2 Experimental

The synthesis of SSZ-13 was carried out by the traditional hydrothermal method and the results are listed
in Table 1. The detailed synthesis process, catalytic performance tests, and characterization conditions are

exhibited in the Supporting Information of this paper.

Table 1 Synthesis of SSZ-13 under different conditions”

Sample OSDA/Si TMAda*/Si Si/Al Seeds/SiO, Yield Product
1 0 0.2 40 10% 74.3% CHA
2 0.4 0 40 20% — No production
3 0.2 0 40 20% — No production
4 0.15 0.05 40 10% 73.5% CHA + MOR + Cri
5 0.15 0.05 27 10% 74.4% CHA+ MOR + Cri
6 0.15 0.05 20 10% 85.1% CHA+ MOR + Cri
7 0.1 0.1 40 10% 69.4% CHA
8 0.1 0.1 27 10% 76.6% CHA
9 0.1 0.1 20 10% 80.2% CHA
10 0.1 0.1 20 0 83.1% CHA
11 0 0.1 20 0 67.4% CHA + AP
12 0.1 0.1 40 10% 73.6% CHA
13 0.1 0.1 40 10% 77.5% CHA

* The OSDA used for Sample 1 to Sample 10 is DIPA, while OSDAs for Sample 12 and Sample 13 are DPA and nBA, respectively; the
OSDA/Si, TMAda*/Si and Si/Al ratios are calculated in molar ratios while the seeds/SiO, ratio is mass ratio; the yield is calculated by dry weight of

products and the initial gel, Cri and AP stand for cristobalite and amorphous phase, respectively.

3 Results and Discussion

In our previous work ”", we have synthesized SAPO-34 with different Si contents by employing various
0SDAs, such as diisopropylamine (DIPA) , tetraethylammonium hydroxide (TEAOH) , n-butylamine (nBA) ,
and morpholine (MOR). 1t is of significance to note that unprotonated DIPA could emerge in the pure-silica
cha cage of high-silica(22. 1% in molar ratio) SAPO-34. This finding inspires us to explore OSDAs used for
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SAPO-34 to direct the synthesis of the aluminosilicate SSZ-13, replacing TMAdaOH fully or partially.

As shown in Table 1, a series of OSDAs, such as DIPA, dipropylamine (DPA) and nBA, were selected
for the preparation of SSZ-13 based on the conventional recipe of Sample 1 in molar ratio 20NaOH:
20TMAdaOH:2. 5A1(OH),: 100Si0,: 4400H,0 (if needed, seeds would be introduced into the initial gel com-
position). The PXRD patterns and SEM images are displayed in Fig.S1 and Fig.S2 (see the Supporting Infor-
mation of this paper). In order to better illustrate the synthesis procedure in detail, one of the secondary
amines, DIPA, was chosen. It is worth pointing out that the attempts (Sample 2 and Sample 3) to prepare SSZ-
13 by employing DIPA solely failed as shown in Fig.S1 and Table 1, even though the addition of the DIPA and
seeds were doubled. It indicates that the complete replacement of OSDAs by DIPA is not feasible. In this
case, the strategy of partial replacement was carried out. Replacing three quarters of TMAda" by DIPA will
lead to the generation of SSZ-13 with by-products of MOR-type zeolites and cristobalite (Samples 4—6). Pure
SSZ-13 with tunable SAR (Samples 7—9) can be obtained with an equal ratio of TMAdaOH and DIPA in the
initial gel as listed in Table 1 and Table 2. More importantly, pure SSZ-13 with SAR of 11(Sample 10) can be

successfully prepared even in the absence of SSZ-13 seeds.

Table 2 Chemical compositions and textural properties of Samples 7—13

Sample Framework composition® SAR? Na/Al* St (m2eg™) Vi JCem?eg™)
7 Siy, Al 05, 21.3 0.20 540.0 0.27
8 Siy AL 0,5, 15.1 0.22 — —
9 Siy; AL, 05, 13.6 0.23 — —
10 Siz; Al 005, 11.3 0.35 5294 0.26
12 Siy, Al 05, 17.6 0.30 538.8 0.26
13 Siyy AL 105, 17.1 0.32 547.4 0.27

a. The framework compositions and Na contents in unit cells were calculated by XRF; b. SAR is the molar ratio of Si to Al; ¢. Na/Al molar
ratio; d. S, and V. were determined by ¢-plot method.

We further probe the crystallization mechanisms of SSZ-13 (Sample 10) co-templated by TMAda" and
DIPA. Besides, a control sample denoted as Sample 11 was also synthesized for the better comparison. The
only difference of synthetic recipes between Sample 10 and Sample 11 is that the DIPA was not added into the
gel composition of the latter one. As shown in Fig.1, at the very beginning (0—24 h) , the crystallization of
SSZ-13 in both Sample 10 and Sample 11 did not take place. The strong peak at 18. 4° is attributed to the
undissolved Al sources. The changes of this peak indicate that the Si sources dissolved firstly in this system
and then Al sources began to dissolve after 12 h. This process could also be verified by SEM as shown in

Fig.S3 (see the Supporting Information of this paper). At the time of 24 h, weak PXRD peaks of SSZ-13 could

20/(°) 20/(°)

Fig.1 PXRD patterns of Sample 10(A) and Sample 11(B) during 0—96 h
The insert molecular structures are on behalf of the moment, at which the corresponding organic molecules firstly occurred.

The colors of C atoms and N atoms are brown and pink, respectively. H atoms are ignored for clarity.
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be detected firstly in both two samples, which means the dissolved Si and Al have formed SSZ-13(Fig. S3). In
addition, the most obvious difference between Sample 10 and Sample 11 is that when the crystallization time
arrives at 50 h, the crystallinity of the former one is better, indicating that the introduction of DIPA significant-
ly accelerates the crystallization process (Fig.1). Moreover, the absence of DIPA will lead to the undesirable
amorphous phase(AP) in Sample 11 as displayed in Fig.S2.

For further investigating the incorporation of TMAda® and DIPA, “"C MAS NMR characterization of
Sample 10 was carried out (Fig.2). Notably, the chemical shift at 22 is attributed to the methyl of DIPA,
which can be easily recognized in the whole spectra, while the peak at 6 51 of DIPA is covered by the strong
signal of methyl in TMAda® at 6 48. Interestingly, the introduction of TMAda" firstly occurred at 3 h while
DIPA did at 12 h. Besides, it is obvious that although DIPA is present in the as-synthesized SSZ-13, TMAda"
is still more abundant than DIPA.

HC——CH,
31//31\\C11H1 \275 C‘Hz /48
HC HC—c—(C-N—CH,

H.Ce Hy |
CH.
H\C/—35CH/{‘35 :
22\
H,C_H H /CH3
80 70 60 50 40 30 20 10 0O ’ \/C/N\BI‘\
e HC 517 “CH,

Fig.2 "“C MAS NMR spectra of Sample 10 at different time

The molecular structures show the chemical shifts affiliations of OSDAs.

In order to investigate the practicability of the as-synthesized SSZ-13 in catalytic fields, Sample 10 was
exchanged with Cu(OAc), for NH,-SCR tests. For 100 F

a better comparison, the SSZ-13 seeds used in S st
this work, which were prepared by the classical § oL 5
5} p Cu exch d

TMAdaOH, were chosen as a reference for evalua- E : - s;lme;fe i“&%?resh
. . 8 40 N - - Cu exchanged
ting the catalytic performance. Both SSZ-13 seeds 3 g Sample 10-HTA

. Z - Seeds-Fresh
and Sample 10 have a similar SAR of 11 (Table 20 o - SecdsHTA

. . . 0 1 1 1

S1, see the Supporting Information of this paper) 100 200 300 400 500
with an ion-exchange level of ca. 60% in terms of Temperature/°C
the currently commercialized recipe™’. As shown Fig. 3 Results of NH,-SCR tests for fresh or HTA
in Fig. 3, compared with SSZ-13 seeds, copper Sample 10 and seeds with the same SAR

exchanged Samp]e 10 displays no less activity and The reactant feed gas contains 0. 05% NO, 0. 05% NH,, 4. 5% H,0,
and 14% O, balanced with N,. GHSV=300000 h™' with 300 mg of

catalysts.

possesses a wide and applicable active window
(200—400 °C) for the diesel vehicle.

In a short summary, by simply replacing part of TMAda® by DIPA in the initial gels, SSZ-13 with
high crystallinities can be successfully synthesized. The addition of DIPA not only promotes the yield and
crystallinity of SSZ-13, but also inhibits the undesirable impure phases. Moreover, the copper exchanged

Sample 10 displays excellent NH,-SCR performance even after high temperature aging (HTA) at 750 °C for
16 h.
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To understand whether effective OSDA replacement is influenced by SAR, three samples with different
SARs (denoted as Sample 7, Sample 8, and Sample 9) were selected. The inorganic framework compositions
of the three samples were calculated by XRF and are listed in Table 2, while the organic parts were investi-
eated by "C MAS NMR. The clear trend shown in Fig.4 demonstrates that there are more DIPAs incorporated
with the increase of SARs.

HCe—-cn, .
317 / 31\\C|H2 2}5 ?H; 8 Y
qu I_;C\C]C‘Il\lf CH, 3531
H.C H; - 11
35 CH.
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|
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100 8 60 40 20 0 nd s o

Fig.4 “C MAS NMR spectra of SSZ-13 with different SAR

The molecular structures show the chemical shifts affiliations of OSDAs.

Now that the partial replacement of TMAdaOH by DIPA is successful, other frequently-used OSDAs for
SAPO-34 might be feasible. To verify this hypothesis, DPA and nBA were employed for the partial replace-
ment of TMAdaOH to prepare SSZ-13, and it turns out that well-crystallized SSZ-13 (Sample 12 and Sample
13) can be successfully obtained as shown in Table 1. There is no doubt that DPA and nBA have been intro-
duced into SSZ-13 according to the results of "C MAS NMR spectra(Fig.5). Furthermore, the amounts of nBA
in the SSZ-13 cages are higher than DIPA as observed in the higher intensity of 6 22 from nBA than the one
from DIPA (inset of Fig. 5). It is attributed to the fact that there are two nBAs locating in one cha cage, while

only one DIPA occupies one cha cage ™.
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Fig. 5 "C MAS NMR spectra of SSZ-13 prepared with different OSDAs

The molecular structures show the chemical shifts affiliations of OSDAs.

4 Conclusions

In this work, we have synthesized well-crystallized SSZ-13 by employing TMAdaOH and OSDAs used for
SAPO-34(DIPA, DPA, and nBA). The studies on the crystallization mechanisms of SSZ-13 co-templated by
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TMAdaOH and DIPA were carried out. The results show that the partial replacement of expensive TMAdaOH
by DIPA accelerates the crystallization process, inhibits the formation of amorphous phase, and increases the

yields. The Cu-SSZ-13 shows excellent NH,-SCR reactivity even compared with recent state-of-art catalysts.
The supporting Information of this paper see http : //'www. cjcu. jlu. edu. en/CN/10. 7503/¢jcu20200855.
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