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ABSTRACT: Conventional synthesis of zeolites produces a large amount
of alkaline wastewater containing organic substances and dissolved silica
species from hydrothermal crystallization, washing, and ion-exchange
procedures, which are environmentally unfriendly and costly. To avoid
these drawbacks, a near-neutral and solvent-free synthetic route has been
developed, which simplifies the zeolite synthesis and post-treatment
procedures, containing only grinding, crystallization, and calcination,
achieving zero emission of wastewater. Furthermore, the reactor in this
process has been scaled up to 300 L, which is an industrial scale for zeolite
synthesis. Because of the solvent-free and near-neutral conditions, ex situ
29Si MAS NMR and in situ 29Si, 13C, and 1H MAS NMR were successfully
employed for the characterization of zeolite crystallization, showing that the silica species basically remain as a large amount of
Si(4Si) species during zeolite crystallization, a typical feature of the solid-state phase transformation mechanism. Furthermore, 2D
1H−29Si HETCOR MAS NMR analyses reveal the interaction between Si(4Si) species in the zeolite framework and the methyl and
methylene groups of the TPA+ template, suggesting a potential templating contribution. This work not only presents an
environmentally friendly strategy suitable for industrial-scale zeolite production but also offers fundamental insights into the solid-
state phase transformation mechanism.

■ INTRODUCTION
Zeolites have been widely utilized in petroleum refining,
petrochemical industries, and chemical industries owing to
their superior characteristics.1−6 However, the crystallization
and treatment processes of zeolites normally produce large
amounts of alkaline wastewater containing dissolved silica and
organic templates, requiring neutralization, deamination, and
the removal of organic templates during the production of
zeolites, which is environmentally unfriendly and costly.7−9

To address these challenges, Xu et al. developed a dry gel
conversion (DGC) method for the synthesis of zeolites.10

Nevertheless, the preparation of dry gels still relied on
hydrothermal conditions, followed by solvent vaporization,
mixing of raw materials, and crystallization, leading to low
space−time yields. Xiao et al. reported a solvent-free route for
the synthesis of zeolites, in which silica, an aluminum source,
alkali, and an organic template were directly mixed and
crystallized. Because inorganic alkali was added in the starting
materials, it was necessary to remove these inorganic cations by
ion-exchange and washing procedures, thus the formation of a
large amount of wastewater was inevitable.11,12 Recently, Xiao et
al. reported a near-neutral synthesis of zeolites, where urea
decomposed to produce NH3 and CO2. The NH3 dissolved in
water to form NH3·H2O, thereby providing the necessary OH−

for the depolymerization and condensation of the silica source
during zeolite crystallization. In this process, the alkali was free,
and the ion-exchange step was not necessary.13 However, there

is still the formation of wastewater due to hydrothermal
conditions.
To fully avoid the formation of wastewater, a combination of

solvent-free with near-neutral synthesis is proposed, which
should not only be wastewater-free but also simplify the
synthetic steps to only mixing, crystallization, and calcination.
This simple process is highly favorable for the industrial
production of zeolites.
Recently, there have been great successes in the character-

ization of aluminophosphate-based molecular sieves by 27Al and
31P MAS NMR under near-neutral conditions,14−17 but it is still
difficult to perform in situ MAS NMR characterization of silica-
based zeolite crystallization due to the complexity in the
presence of solvent and alkali, as well as the low natural
abundance of 29Si species. In this work, by combining solvent-
free with near-neutral conditions and the use of isotopically
labeled 29SiO2,

18−20 it is possible to gain insights into silica-
based zeolite crystallization.
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■ RESULTS AND DISCUSSION
Figure 1A shows the scheme of the near-neutral and solvent-free
synthesis of zeolites. In conventional synthesis, the procedures
involve the mixing of raw materials, crystallization, washing,
drying, ion exchange, and calcination, which are very complex
and energy-consuming.21−23 Meanwhile, the washing and ion-
exchange steps are necessary, giving a large amount of
wastewater. For the combination of near-neutral and solvent-
free routes, there are almost no soluble silicate species or alkali
metal cations in the urea-based synthetic system; therefore, it is
not necessary to carry out the ion-exchange and water-washing
steps. As a result, the zeolite synthesis can be simplified into
three steps, including mixing, crystallization, and calcination.
Figure 1B compares water emissions during the synthesis of S-

1 zeolites from various routes. Notably, the pure silica S-1 (MFI
framework type) zeolite synthesized under near-neutral and
solvent-free conditions in the presence of urea (SF-S-1-Urea)

showed water-free emission. In contrast, the S-1 zeolite
synthesized from a solvent-free route in the presence of
NaOH (SF-S-1-NaOH) produced 34 mL of wastewater for
each gram of SiO2 due to water washing for the removal of alkali
and soluble silicate species, as well as the ion-exchange of
inorganic metal cations into protons. For the hydrothermal
synthesis of S-1 zeolite, 9 mL of solvent water was required per
gram of SiO2.

24,25 For the synthesis of S-1 zeolites in the
presence of urea (HT-S-1-Urea), TPAOH (HT-S-1-TPAOH),
or NaOH (HT-S-1-NaOH), wastewater was generated at 37
mL, 37 mL, and 57 mL, respectively, because of washing and
ion-exchange procedures. If the washing step for SF-S-1-NaOH
was not performed, it would result in partial structural
destruction during calcination, as shown by the dark gray
sample for direct calcination (Figures S1 and 1C).26,27

Therefore, the washing step cannot be avoided in the
conventional synthesis of zeolites.

Figure 1. (A) Schematic representation of near-neutral and solvent-free synthesis. (B) Comparison of the consumed water for zeolite synthesis with
urea, NaOH, and TPAOH in different routes. (C) Photos of the products of SF-S-1-Urea and SF-S-1-NaOH.

Figure 2. (A) XRD pattern, (B) SEM image, (C) N2 sorption isotherms, and (D) TG-DTA curves of SF-S-1-Urea. (E) XRD patterns of SF-B-ZSM-5-
Urea, SF-Ga-ZSM-5-Urea, and SF-Al-ZSM-5-Urea. (F) XRD patterns of SF-ZSM-22 and SF-SSZ-13.
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The solvent-free and near-neutral conditions not only
minimize the dissolution of the silica source but also prevent
the occupation of the volume within the autoclave by solvent,
thereby enabling high yields and space-time yields. Furthermore,
this work proposes a simplified synthesis process requiring only
three steps to obtain the product, thereby avoiding the loss of the
zeolite product related to the washing and ion exchange steps. It
has been demonstrated that the yield of SF-S-1-Urea was 99.1%,
which is significantly higher than the 86.8% and 84.3% yields of
HT-S-1-TPAOH and HT-S-1-NaOH, respectively. The space-
time yield of the novel method was 7.8 times that of HT-S-1-
TPAOH and 8.1 times that of HT-S-1-NaOH under hydro-
thermal conditions. In addition, the feature of wastewater-free
synthesis of zeolites also reduced the costs related to wastewater
treatment. The cost for synthesis of SF-S-1-Urea was only 42%
of HT-S-1-TPAOH and 59% of HT-S-1-NaOH.
X-ray diffraction (XRD) patterns of SF-S-1-Urea showed

characteristic diffraction peaks related to the MFI structure
(Figure 2A), in good agreement with the XRD pattern of the
simulated structure (Figure S2). Scanning electron microscope
(SEM) images of SF-S-1-Urea exhibited a typical morphology of
MFI crystals (Figure 2B). N2 sorption isotherms of SF-S-1-Urea
gave a typical adsorption of type I isotherms with a Brunauer−
Emmett−Teller (BET) surface area of 368 m2/g (Figure 2C),
which is comparable to those of MFI zeolites reported in the
literature.28,29 Thermogravimetric-differential thermal analysis
(TG-DTA) curves of SF-S-1-Urea exhibited a major endother-
mic peak between room temperature and 120 °C due to the
weight loss of physically adsorbed water. This finding suggests
that during the initial calcination stage of SF-S-1-Urea, the
majority of physically adsorbed water within the system can be
effectively removed. Additionally, there was an endothermic
peak from 120 to 300 °C related to chemically adsorbed water,
followed by an exothermic peak from 300 to 600 °C, owing to
the weight loss from TPA+ decomposition (Figure 2D). In the

TG curve of the as-made SF-S-1-Urea, there was no exothermic
peak above 600 °C, indicating that the zeolite framework was
stable. Furthermore, the calcined SF-S-1-Urea retained excellent
crystallinity, confirming the excellent stability of the zeolite
framework, as shown in Figure S3. In order to minimize gas
emissions during calcination, the addition of an organic template
and urea was optimized, giving minimum molar ratios of
TPACl/SiO2 and Urea/SiO2 at 0.1, as presented in Table S1 and
Figure S4. Moreover, TG analysis and elemental analysis of the
as-made and calcined SF-S-1-Urea zeolites exhibited a weight
loss of 6.6% between 300 and 600 °C, while the calcined sample
showed a weight loss of less than 0.1% (Figure S5). The loss
ranging from 300 to 600 °C was attributed to the organic
template, and no loss over 600 °Cwas reasonably assigned to the
stable zeolite framework. Furthermore, elemental analysis of SF-
S-1-Urea revealed that there were no signals related to carbon
and nitrogen, confirming the full elimination of TPA+ species in
the calcined zeolite (Table S2). In addition, Fourier transform
infrared spectroscopy (FT-IR) spectra of the as-made and
calcined SF-S-1-Urea zeolites were measured (Figure S6), and it
was observed that the signals for C−H stretching vibrations
around 3000 cm−1 and C−Hbending vibrations near 1400 cm−1

entirely disappeared in the calcined SF-S-1-Urea zeolites,
evidencing the effectiveness of the calcination.
Besides SF-S-1-Urea, a series of MFI zeolites containing

heteroatoms (Al, B, and Ga), including SF-Al-ZSM-5-Urea, SF-
B-ZSM-5-Urea, and SF-Ga-ZSM-5-Urea, were successfully
synthesized under near-neutral and solvent-free conditions.
The XRD patterns (Figure 2E), along with SEM images and
magic angle spinning nuclear magnetic resonance (MAS NMR)
spectra (Figure S7), demonstrate the synthesis of MFI topology
zeolites with good crystallinity. Meanwhile, 27Al, 11B, and 71Ga
MASNMR spectra indicate that heteroatoms were incorporated
into the zeolite frameworks in tetrahedral coordination.30−37 It
has been reported that tetrahedrally coordinated Al at 51 to 59

Figure 3. Ex situ 29Si MAS NMR spectra of (A) SF-S-1-Urea and (B) SF-S-1-NaOH. (C) The changes in the coordination of Si species during the
crystallization of SF-S-1-NaOH from quantitative analysis of peak area in the ex situ 29Si MAS NMR spectra. (D) Crystallization curve of SF-S-1-
NaOH. Ex situ UV Raman spectra of (E) SF-S-1-Urea and (F) SF-S-1-NaOH.
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ppm, tetrahedrally coordinated B at −3.9 to −2.5 ppm,
trigonally coordinated B at 0 to 15 ppm, and tetrahedrally
coordinated Ga at 147 to 157 ppm in the zeolite frameworks,
which are well consistent with those of 27Al, 11B, and 71Ga MAS
NMR spectra in this work (Figure S7), confirming that all of the
heteroatoms have been incorporated into the zeolite frame-
works.
Figure S3 shows XRD patterns and SEM images of calcined

MFI zeolites. Notably, these zeolites retained their morpholo-
gies compared to the as-made zeolites. Inductively coupled
plasma mass spectrometry (ICP-MS) analysis showed that the
silicon-to-heteroatom molar ratios were unchanged before and
after calcination, indicating that these heteroatoms in the zeolite
frameworks are stable (Table S3). Beyond the MFI-type zeolite,
CHA (SF-SSZ-13) and TON (SF-ZSM-22) topologies were
also synthesized under near-neutral and solvent-free conditions,
and their characteristic diffraction peaks and morphologies are
shown in Figures 2F and S8. The N2 sorption isotherms of SF-

SSZ-13 and SF-ZSM-22 showed that the BET surface areas were
515 m2/g and 115 m2/g, respectively, which are comparable to
those of samples synthesized by conventional hydrothermal
synthesis.38,39

The utilization of urea in the synthesis of zeolites was usually
performed at over 150 °C, which was related to the
decomposition temperature of urea. Below 150 °C, the
decomposition of urea was relatively weak. However, when
urea was replaced with ammonia−water, S-1 zeolites with high
crystallinity were still achieved even at temperatures of 100−140
°C (Figure S9). These findings demonstrate the general
applicability of the proposed synthesis strategy.
Figure 3A exhibits the ex situ 29Si MAS NMR spectra of SF-S-

1-Urea. Prior to crystallization, the spectrum comprised a small
proportion of Si(3Si) species and a dominant amount of Si(4Si)
species, demonstrating that the majority of silica was in a highly
condensed form.40,41 As crystallization progressed, the content
of Si(3Si) species gradually decreased, suggesting that the

Figure 4. (A) In situ 29Si MAS NMR spectra, (B) in situ 29Si CP/MAS NMR spectra, (C) changes in the peak areas of Si(3Si) and Si(4Si) species
during the crystallization process in the in situ 29Si CP/MAS NMR spectra, (D) 1H−29Si FSLG-HETCOR MAS NMR spectra, (E) 13C MAS NMR
spectra, and (F) decomposition rate of urea during the crystallization of SF-S-1-Urea from quantitative analysis of the peak area of urea in the 13CMAS
NMR spectra. In situ 1H MAS NMR of SF-S-1-Urea for (G) increasing temperature, (H) constant temperature, and (I) reducing temperature.
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amorphous silica had been rearranged during the crystallization
process, which is consistent with the crystallization curve of SF-
S-1-Urea (Figure S10). Figure 3B shows the ex situ 29Si MAS
NMR of SF-S-1-NaOH. Before the crystallization, the
distribution of Si species included Si (1Si), Si(2Si), Si(3Si),
and Si(4Si), suggesting substantial dissolution of silica under
alkaline conditions. The evolution of silica species with
crystallization time for SF-S-1-NaOH is illustrated in Figure
3C. The Si(3Si) increased within the first hour and then
decreased slowly, while the Si(4Si) declined within the first hour
and then gradually increased. These phenomena indicate that
the hydrolysis of silica species proceeded more rapidly than
condensation within the first hour. Subsequently, the con-
densation rate increased, leading to the gradual formation of the
zeolite framework. This trend aligns well with the corresponding
crystallization curves and XRD patterns (Figures 3D and S11).
Figure 3E and F show theUVRaman spectra of SF-S-1-Urea and
SF-S-1-NaOH. Both samples exhibited bands at 294, 376, and
514 cm−1, which are related to S6R, S5R, and S4R species,
respectively.42 Notably, SF-S-1-NaOH exhibited additional
bands at 665 cm−1 and 722 cm−1 attributed to the Si−OH
species, which are well consistent with the presence of Si(1Si),
Si(2Si), and Si(3Si) species in the ex situ 29Si MASNMR spectra
of SF-S-1-NaOH.43,44

Compared with ex situ MAS NMR, the in situ MAS NMR
technique can provide more detailed insights into zeolite
crystallization under actual synthesis conditions.45−48 However,
in situ MAS NMR characterization of conventional hydro-
thermal synthesis of zeolite faces several challenges: (i) the high
water content significantly increases the dielectric constant of
the mixture, reducing detection efficiency; (ii) the solvent
occupies space within the rotor, diminishing the signal-to-noise
ratio; (iii) the presence of water limits the maximum achievable
rotor spinning speed, thereby lowering spectral resolution; (iv)
high autogenous pressure owing to additional water challenges
the pressure resistance of rotors; and (v) the highly alkaline
environment may corrode the ZrO2 rotor, creating safety risks
under high-temperature and high-pressure conditions. Further-
more, the low natural abundance of 29Si and its long relaxation
time present additional obstacles for in situ 29Si NMR
observation of zeolite crystallization.49 In this study, zeolite
crystallization was conducted under near-neutral and solvent-
free conditions, effectively circumventing issues related to water
solvent, high pressure, and rotor corrosion. Moreover, the use of
29Si-enriched SiO2 and 13C-enriched urea significantly enhanced
the sensitivity of in situ MAS NMR measurements, resulting in
spectra with high signal-to-noise ratio.
Figure 4A shows the in situ 29Si MAS NMR spectra of SF-S-1-

Urea for a crystallization time of 7.5 h. This duration was
selected owing to the good crystallinity of the S-1 zeolite within
the in situ rotor at this point, as evidenced by the XRD pattern of
the sample treated at 150 °C for 7.5 h (Figure S12). It is
noteworthy that the Si(3Si) species decreased rapidly within the
first hour of in situ crystallization, and thereafter, both Si(3Si)
and Si(4Si) showed no significant changes. Moreover, Si(4Si)
species remained dominant throughout the entire crystallization
process from 0 to 7.5 h. These results indicate that crystallization
primarily occurred via a solid-state phase transformation
mechanism, consistent with findings from ex situ 29Si MAS
NMR spectroscopy. Figure 4B displays the corresponding
1H→29Si cross-polarization (CP) MAS NMR spectra, in which
signals arise only from silicon atoms in close proximity to
protons, such as those in Si−OH groups or the organic template.

Interestingly, with increasing crystallization time, the Si(3Si)
species remained basically unchanged, while the signals of the
Si(4Si) species significantly increased. This is in contrast with
both ex situ and in situ 29Si MAS NMR results, suggesting that
the enhancement in the peak intensity of the Si(4Si) species
does not originate from the Si−OH species associated with
Si(3Si) species (Figure 4C). To elucidate this phenomenon,
1H−29Si heteronuclear correlation experiments with Frequency
Switched Lee Goldburg Heteronuclear Correlation (FSLG
HETCOR) 1H homonuclear decoupling were performed
(Figure 4D).50,51 The signals from both the methyl group at
(−113, 1.0) and the two methylene groups at (−113, 1.7) and
(−113, 3.2) of the template showed spatial proximity to the
Si(4Si) species (at −113 ppm), while no significant cross-peaks
between Si(4Si) and other hydrogen species, such as Si−OH,
were observed. These results indicate that the signal enhance-
ment at −113 ppm via cross-polarization in the in situ 29Si CP/
MAS NMR spectra (Figure 4B) during crystallization originates
primarily from the TPA cations encapsulated within zeolite
cavities, located at the junction of channels within MFI zeolites,
rather than from the initial silica source or water (Figure S13). It
is normally considered that the correlation between the
framework Si−OH and Si(4Si) species is reasonable from the
view of zeolite structure, but we cannot observe this interaction,
which can be explained by three factors: (i) the low
concentration of Si−OH species compared to that of H atoms
in the template molecule, (ii) potential overlap with stronger
methyl and methylene signals (isolated and hydrogen-bonded
silanols at ca. 1.7−2.2 and 3−9 ppm in dehydrated S-1 zeolite,
respectively), and (iii) the potential small transverse relaxation
time (T2) value of 1H spins in hydrogen-bonded silanols. In
addition, the absence of a water signal can probably be attributed
to its rapid motion. In conclusion, due to the dominance of the
cross-peaks from methyl and methylene groups, it is safe to
demonstrate the interaction between the template and the
Si(4Si) species at −113 ppm.52−55 Such an interaction may
represent an important aspect of the templating effect exerted by
TPA+ cations in the synthesis of MFI zeolite.
Figure 4E shows in situ 13C MAS NMR spectra of the SF-S-1-

Urea under near-neutral and solvent-free conditions. Due to the
use of 13C-enriched urea, the signals corresponding to urea in the
13C MAS NMR spectra were much stronger than those of
TPACl. Under the applied conditions (150 °C), urea normally
decomposes gradually to release CO2. A portion of CO2
dissolved, forming HCO3

− species, indicating that the system
was near-neutral. The peak area of urea in the 13C MAS NMR
spectra indicated that 88.4% of urea decomposed within the first
4 h at 150 °C, and only 4.5% of urea decomposed in the
subsequent 2.5 h, suggesting that urea decomposition occurs
predominantly during the early stages of the process (Figure
4F).
Figure 4G−I shows in situ 1H MAS NMR spectra collected at

various temperatures. During the heating stage (Figure 4G), the
water signal at 4.9 ppm gradually shifted upfield, while the signal
corresponding to TPA+ shifted downfield. The upfield shift of
the water peak is attributed to the breakdown of hydrogen bonds
and an increased shielding effect, whereas the downfield shift of
TPA+ likely results from reduced solvent polarity and a
deshielding environment. Throughout the isothermal stage at
150 °C (Figure 4H), a broad signal between 4 and 5 ppm is
observed, which is potentially attributed to NH4

+ produced by
the dissolution of ammonia from the decomposition of urea.56

After 1.5 h of thermal treatment, a new peak at −0.05 ppm
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appeared, which is possibly assigned to excess ammonia
following dissolution saturation.57,58 The peak completely
disappeared at 80 °C during the cooling stage (Figure 4I),
consistent with the reversible dissolution of ammonia.
Furthermore, the route for the combination of near-neutral

and solvent-free conditions can be scaled up from laboratory to
industrial production. After mixing, crystallization, and calcina-
tion, the raw materials at a 150 kg scale were crystallized into
zeolite products. The schematic diagram of themixer is shown in
Figure 5A. Moreover, a solid-state crystallizer with a capacity of
300 L has been designed for the industrial production of zeolites
(SF-S-1-Urea-Scale-up, Figure 5B,C, Movies S1 and S2). The
XRD pattern of the SF-S-1-Urea-Scale-up zeolite synthesized at
150 °C for 24 h showed good crystallinity (Figure 5D). In
addition, the 29Si MAS NMR spectrum of the product exhibited
a large amount of Si(4Si) species with a small amount of Si(3Si)
species, and the N2 sorption isotherms of the product showed
typical curves of micropores with a BET surface area of 389m2/g
(Figure 5E,F). The SEM image of the SF-S-1-Urea-Scale-up
zeolite exhibited perfect crystals without an amorphous phase
(Figure S14). These results confirm the high quality of pure
silica S-1 zeolite for industrial production.
To validate the performance of the products, we performed

29Si MAS NMR and FT-IR spectra of SF-S-1-Urea, HT-S-1-
TPAOH, and HT-S-1-NaOH. As shown in Figure S15, the peak
area of the Si(3Si) species (framework defects Si−OH) in SF-S-
1-Urea-Scale-up was 4.2%, which was lower than 5.0% and 6.9%
for HT-S-1-NaOH and HT-S-1-TPAOH, respectively. These
results suggest that the SF-S-1-Urea-Scale-up should have better
hydrothermal and thermal stabilities than HT-S-1-NaOH and
HT-S-1-TPAOH due to fewer defects of Si−OH. In addition,
FT-IR spectra of the calcined zeolites showed that the SF-S-1-
Urea-Scale-up had a much lower concentration of Si−OH with
major nest silanols compared with HT-S-1-TPAOH and HT-S-
1-NaOH, with major terminal and vicinal silanols, as shown in
Figure S16. Because the silanol nests can easily condense to heal
defects, it is reasonable that the SF-S-1-Urea-Scale-up is more
stable than HT-S-1-TPAOH and HT-S-1-NaOH, which is
critical for practical applications of zeolites in the future.

■ CONCLUSION
In summary, it has been demonstrated that a successful synthesis
of silica-based zeolites, such as S-1, ZSM-5, ZSM-22, and SSZ-
13, can be achieved under near-neutral and solvent-free
conditions. Compared with conventional hydrothermal syn-
thesis, the method in this work is very simple, containing only
three steps: grinding, crystallization, and calcination, which
represents a typical wastewater-free synthesis of zeolites. Very
importantly, this zeolite synthesis can be scaled up to an
industrial scale with a reactor of 300 L. Furthermore, in situMAS
NMR characterizations of S-1 zeolite reveal that the Si(4Si)
species dominate throughout crystallization, consistent with a
solid-state phase transformation mechanism. Particularly, the
interaction between the methyl and methylene groups of TPA+

and the Si(4Si) species in the framework was observed, which
might be an important factor for the templating effect in zeolite
crystallization.

■ EXPERIMENTAL SECTION
Synthesis of SF-S-1-Urea Zeolite. As a typical run, 1.9 g of SiO2·

3H2O, 0.185 g of TPACl, 0.1 g of urea, and 0.1 g of Silicalite-1 seed were
added into the mortar. After grinding for 10 min, the homogeneous
solid was transferred to an autoclave and heated at 150 °C for 24 h in an
oven. After crystallization, the solid product was calcined at 550 °C for 5
h. The obtained product was denoted as SF-S-1-Urea.
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A mixer for the industrial production of zeolites (MP4)

A solid-state crystallizer with a capacity of 300 L has been
designed for the industrial production of zeolites( (MP4)

Figure 5. (A) Schematic representation of the mixer and (B and C) solid-state crystallizer. (D) XRD pattern, (E) N2 sorption isotherms, and (F) 29Si
MAS NMR of SF-S-1-Urea-Scale-up synthesized in a 300 L reactor.
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