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Elucidating the mechanisms of zeolite crystallization is complex owing in large part to the vast number of
species present in synthesis mixtures." * This is a contributing factor to the challenges associated with
zeolite crystal engineering where it is difficult to design materials with predetermined physicochemical
properties without sufficient knowledge of how synthesis variables can be tailored to mediate crystal
growth.” The ubiquitous presence of amorphous precursors throughout nucleation and growth make
zeolites quintessential examples of materials that grow via nonclassical pathways, which include
crystallization by particle attachment (or CPA).*” This rapidly emerging area is garnering considerable
attention owing to the expanding list of materials that show evidence of growth via multifaceted
pathways.*"® Knowledge of nonclassical mechanisms, however, is rather limited due to inadequate
analytical techniques available to observe dynamic processes of grow in situ with sufficient
spatiotemporal resolution.

In this perspective article, we highlight the various routes leading to the assembly and evolution of
amorphous precursors in zeolite synthesis wherein it is recognized that changes in conditions — most
notably the selection of silica/alumina sources and room temperature aging protocols — can significantly
influence polymorphism, crystallization kinetics, and the properties of zeolites, among other factors. Here,
we address the physical state of precursors with an emphasis on the appropriate use of the word “gel” to
properly convey the heterogeneity of these species. In most zeolite syntheses, precursors undergo
structural and/or compositional changes during the induction period. The exact microstructure of the
evolved precursors is not well understood, nor are the detailed processes leading to their aggregation and
densification. The direct role of precursors in the mechanism of crystal growth has been suggested for
several framework types, such as LTA (zeolite A)", FAU (zeolite X/Y)'> ', MFI (ZSM-5)"" '8, ANA
(analcime)"’, SOD (sodalite)®”, CHA (SSZ-13),° and EMT?'. Characterizing the role of precursors in
zeolite crystallization is an active area of research, but there is still a significant knowledge gap in the
understanding of molecular-level processes governing disorder-to-order transformations in zeolite
synthesis. The presence of an amorphous phase can significantly modify zeolite crystallization, for
example, by lowering the energetic barrier for heterogeneous nucleation by creating regions of high
supersaturation, analogous to the two-step nucleation mechanism postulated for other materials such as
proteins, polymers, colloids, and biominerals '> **?*. In this perspective article, we do not attempt to
reconcile this gap, but merely seek to highlight the heterogeneous physical state that constitutes the
majority of amorphous precursors observed during the preparation of (alumino)silicate zeolites.
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Figure 1 depicts various processes associated with precursor formation and evolution. Figure 1A is
adapted from the review of Cundy and Cox* showing that the initial mixing of silica and alumina in
alkaline media lead to the formation of nonhomogeneous amorphous precursors comprised of undissolved
sources and species exchanged between solids and solution. The dashed boxes indicate aluminosilicate
speciation in the solution state where prolonged time and/or higher temperature lead to precursor
evolution in size, shape, and oftentimes microstructure. The terms primary and secondary have been used
to differentiate the initial self-assembled precursors from those that have evolved through either room
temperature aging or hydrothermal treatment. In literature, discussions of precursor assembly and
evolution often invoke simplified schematics in a manner where precursors can be misconstrued as being
homogeneous. The steady state distribution of species between solid and solution is established by the
degree of silica dissolution. When silica sources such as colloidal silica, fumed silica, and alkali silicate
are introduced into a high pH medium in either the presence or absence of an aluminum source, they are
particulates. An example of precursor evolution is illustrated in Figure 1B for zeolite L prepared with
colloidal silica. The sequence of steps during hydrothermal treatment begins with the aggregation and
densification of silica particles. This is followed by the “fusing” of spherical aggregates into worm-like
particles (WLPs) where undissolved silica is infused within a matrix of (alumino)silicate species®. The
exact microstructure of these evolved (or secondary) precursors is unknown; however, it has been
observed by multiple groups that secondary precursors can contain localized order that differs from the
primary amorphous precursors, yet the evolved particles lack long-range (periodic) order that renders
them amorphous by X-ray diffraction®”**.
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Figure 1. (A) General pathways leading to the formation of primary and secondary amorphous phases in
zeolite synthesis. The evolving mixture is divided into the solid and solution state (the latter is illustrated
in the dashed box). This scheme was adapted from Cundy and Cox *°. (B) Schematic showing the
formation of amorphous precursors in zeolite L synthesis beginning from a colloidal silica sol. Worm-like
particles (WLPs) form through a series of putative aggregation, densification (or ripening), and growth
processes. This scheme was adapted from Kumar et al.”. (C) Illustration of silicalite-1 precursor
assembly and evolution via TEOS hydrolysis, condensation, and Ostwald ripening.

It is suggested in literature that silicon sources dissolve at high pH to produce a suspension of soluble
monomer or oligomeric species. Once dissolved, it is posited that these species can form gels that are
often initiated by first preparing separate silica and alumina mixtures at high pH and then combining them
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after a fixed period of aging or hydrothermal treatment. Herein, we argue that a majority of zeolite
synthesis mixtures are prepared in such a manner that will never lead to the formation of gels owing to the
inability to completely dissolve the silicon source. The sol gel process used to prepare zeolites involves
different physical states in the synthesis medium (as depicted in Figure 2)*>'. The mixing of reagents in
zeolite synthesis can result in the formation of a so/, which is comprised of a suspension of colloidal
particles in a continuous liquid medium. The viscosity of the suspension can vary with respect to particle
volume fraction, but ultimately the rheological properties of sols are similar to a liquid. The second state
is a colloidal (or wet) gel, which is a dilute cross-linked network of interacting colloidal particles that are
generated from a suspension (sol) of colloidal particles. The nature of this gel may also derive from
polymeric chains of aluminosilicates that form a dilute cross-linked network that is predominantly
comprised of liquid. The rheological properties of these gels are more similar to a solid. A fourth state
would be a hybrid of polymeric and colloidal gels.

-‘;‘ 0)l e n
sol

gel
(colloidal)

solution gel
(soluble species) (polymeric network)

Figure 2. Schematic illustrating the physical states of dispersed phases of colloidal particles (yellow) and
soluble species (orange) in a dispersion medium of water (blue). The four corresponding states are (A) sol,
(B) colloidal (or wet) gel, (C) solution (i.e., soluble monomer and/or oligomers), and (D) gel comprised of
a polymeric network of aluminosilicates. References to zeolite synthesis as a sol gel process implies the
presence of colloids and/or polymeric aluminosilicate species (i.e., combinations of B and D). A
schematic of the latter is intentionally omitted due to a lack of information regarding the microstructure of
these complex phases.

The idealized drawings in Figure 2 illustrate the potential physical states of zeolite sol gel synthesis
mixtures, beginning with the introduction of the silicon source that leads to a sol (Figure 2A). The latter
can either form a colloidal (or wet) gel (Figure 2B) or the silicate particles can fully dissolve to generate a
solution (Figure 2C) of dispersed monomers and/or oligomers. While it is less common to encounter the
terms “colloidal” or “wet” gels in zeolite literature, these expressions are frequently used in sol gel
literature to describe the gelation of sols® ****. Here, we distinguish this phase from the view of gels in
the polymer and soft matter communities where the gel state is a network of polymeric chains formed by
either physical aggregation or covalent bonds ** *(represented as interconnected orange lines in Figure
2D). In the context of zeolite growth mixtures, these are tetrahedral TO, networks (T = Si or Al) derived
from the condensation of soluble species. One uncertainty associated with (alumino)silicate gels is the
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nature of the cross-linked network. For instance, it is uncertain if the gel is comprised of covalently linked
“polymer-like” chains of silicates (i.e., a chemical gel), or whether it is a network of interacting silicate
species (i.e., a physical gel). We posit that the vast majority of zeolite precursor gels reported in literature
are some combination of Figure 2B and 2D where undissolved sols are contained within a network of
condensed soluble species. This is analogous to the idealized depiction of WLPs in Figure 1B where the
fusing of spheroidal aggregates occurs by an exchange with soluble species, leading to interstitial regions
of unknown microstructure that may be similar to a gel-like network.

The use of tetracthylorthosilicate (TEOS) as a silica source can lead to unique pathways in the
formation of amorphous precursors. While TEOS is not used in the commercial production of zeolites, it
is heavily utilized in academic studies to assess the mechanisms of zeolite nucleation and crystal growth
304 As illustrated in Figure 1C, TEOS forms an immiscible layer above water that leads to the
progressive release of soluble silicates. For detailed speciation models of TEOS hydrolysis and silica
condensation, we refer readers to several prior studies™*"**®_ In alkaline solvent, silicates dissociate via
a series of reactions, as demonstrated here for silicic acid®’.

L
Si0;_1 (O™ D™ <™ $i0,(0H)i; + H (1)
Monomers can form oligomers, and at sufficiently high TEOS concentration these soluble silicates can
further condense into nanoparticles (Figure 3A). The rate of silica condensation is governed by the
concentration of fully protonated silicates*. When the nanoparticles are formed, silanol groups on their
exterior surfaces as well as undercoordinated (i.e., Q> or Q) sites within the interior of the nanoparticles
can undergo protonation/deprotonation depending on the pH (Eq. 2).

= SiOHqq) ——= SiOgqy + Hug 2)

The acid/base reactions associated with sol gel syntheses can lead to changes in pH and ionic conductivity,
which can provide some indication of the chemistry associated with precursor assembly and evolution.

TPA" shell

Figure 3. (A) Cryogenic transmission electron microscopy (cryo-TEM) image of silica nanoparticle
precursors in silicalite-1 (MFI) synthesis (image was taken from reference * with permission). (B)
Idealized coreshell structure of nanoparticles from Monte Carlo simulations showing a shell of organic
structure-directing agent (tetrapropylammonium, TPA") and a core of hydrated silica (image was
provided by J.M. Fedeyko*’). (C) Atomic force microscopy (AFM) image of a silicalite-1 surface imaged
during growth in a purely siliceous solution with silica concentration 281 mM (48 Si0,:9500 H,O, pH
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11.2) (image was taken from reference * with permission). (D) AFM image of a zeolite A (LTA) surface
after continuous imaging where region I is the original area of imaging and region Il is a freshly imaged
area after enlarging the scan area. Growth solutions are comprised of high aluminum content and a silica
concentration of 10 mM (image was taken from reference’® with permission).

The putative structure of silica nanoparticles shown in Figure 3B was derived from Monte Carlo
simulations guided by *’Si NMR measurements of Si-O-Si connectivity®. The organic structure-directing
agent (OSDA) tetrapropylammonium (TPA") forms a shell surrounding a core of hydrated amorphous
silica**°'. The exact microstructure of silicalite-1 precursors is not well understood, although it is known
that they evolve during the induction period. Notably, the particles grow in size by Ostwald ripening
(Figure 1C)*" ** ** and also undergo a change in structure. Analogous to secondary precursors, the
microstructure of evolved nanoparticles differs from their primary state, yet they are not crystalline™.
Nanoparticle growth ceases prior to the end of the induction period, after which the precursors remain in
solution throughout crystallization and there is a temporal decrease in their population as silicalite-1
crystals grow in size. In situ atomic force microscopy (AFM) measurements of silicalite-1 (010) surface
growth rgvealed that evolved particles attach to the crystal surface and undergo a disorder-to-order
transition”.

Figure 4. Transmission (top) and scanning (bottom) electron micrographs of amorphous precursors in
zeolite growth mixtures for zeolite L (A and B) and ZSM-5 (C and D). (A) Solids extracted from a zeolite
L synthesis with composition 0.5 Al,05:20 Si0,:10.2 K,0:1030 H,0 heated for 4 h using LUDOX AS-40
(colloidal silica) as the silicon source. (B) A similar zeolite L synthesis composition prepared with fumed
silica. (C) Solids extracted from a ZSM-5 synthesis with composition 2 TPABr: 11.9 K,0: AL,Os5: 90
Si0;: 3588 H,0 heated for 24 h using colloidal silica as the silicon source. (D) Solids extracted from a
ZSM-5 synthesis with composition 2 TPABr: 11.9 K,0: ALL,O;: 90 SiO,: 3588 H,0 heated for 24 h
using fumed silica as the silicon source.
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Amorphous precursors generated from TEOS occur by the assembly of monomer/oligomers, whereas
alternative silica sources introduced into the synthesis mixture as sols (Figure 1B) evolve into larger
amorphous spheroidal particles or branched WLPs through a sequence of events. Recent studies in our
group focusing on the supernatant of sols revealed that gel-like features appear on zeolite surfaces at
elevated temperature. For example, Figure 3D shows the result of an in situ AFM measurement of zeolite
A (LTA) growth from its supernatant containing soluble aluminosilicate species where continuous
imaging (region I) is smooth compared to the surrounding rough areas (region II). Time-resolved images
of rough surface features reveal a progressive reduction in height that suggests the roughness is due to
gel-like islands that form on crystal surfaces™. This conclusion was drawn not only from the observation
that the movement of the AFM tip progressively removes material from the surface during continuous
imaging, but was corroborated by chemical force microscopy measurements on the roughened gel-like
regions that yielded approach—retraction profiles characteristic of elastic materials (e.g., lipid layers).
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Figure 5. (A) Here we select four different frameworks of varying pore size, pore dimensions, and Si/Al
ratio. On the right are representative SEM images of crystals after hydrothermal treatment. (B) Temporal
evolution of WLPs in K-LTL growth mixtures (OSDA-free) during hydrothermal treatment at 180°C.
Here we plot the width of WLPs obtained from SEM images. (C) Time-resolved changes in precursor size
during the synthesis of MFI, MEL, and TON syntheses at 160 °C. A variety of OSDAs were used along
with different silicon sources (the OSDAs are listed in the legend, with the exception of MFI that was
prepared with tetrapropylammonium). Details of each growth solution are provided in Table S1 of the
Supporting Information. The symbols in each plot are the average of more than 50 crystals, and error bars
equal two standard deviations.
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Silicon sources other than TEOS can lead to the formation of amorphous colloidal precursors that are
much larger than those formed in silicalite-1 synthesis. Examples are provided in Figure 4 for two
different zeolite types prepared with separate silicon sources (colloidal silica and fumed silica). Images of
the precursors formed in growth mixtures of zeolite L (Figure 4A and B) are similar to those formed in
the early stages of ZSM-5 growth (Figure 4C and D). The ubiquitous presence of bulk amorphous
particles in zeolite growth mixtures has been widely reported for a range of frameworks including GIS,
TON, MFI, CHA, and LTL. Despite the ubiquity, the role of amorphous precursors in zeolite
crystallization is not fully understood. Two divergent hypotheses exist in the literature regarding the role
of WLPs in zeolite nucleation (refer to Figure 9): WLPs can either dissolve to generate molecular species
that serve as growth units for crystallization or they can directly contribute to zeolite growth via pathways
involving crystallization by particle attachment (CPA) ** .

WLPs tend to have much higher silicon content compared to the crystalline product'® *°, which
suggests a solution-mediated process must occur during zeolite crystallization that involves the exchange
of alumina from solution and significant bond breakage of Si-O-Si bonds within the WLP. The
nonhomogeneous segments containing pure silica calls into question putative solid-state rearrangement of
precursors to crystals. It is also uncertain to what degree precursors become locally ordered during their
evolution from primary to secondary species. Analogous to schemes for zeolite L and silicate-1 (Figure
1B and 1C, respectively), the temporal evolution of WLPs has been observed in numerous other systems™
18:26.36 To illustrate the variety of pathways leading to WLP formation and evolution, we selected four
different zeolite framework types and performed time-resolved analysis of precursor assembly. The
structure of each zeolite selected for this study is shown in Figure 5A along with a scanning electron
microscopy (SEM) image of the crystalline product. The framework types differ with respect to their
composition (Si/Al ratio), the pore dimensions, and pore sizes, which are denoted by the n-membered
rings (MRs) constituting the pore aperture: zeolite L (LTL, Si/Al = 3, 12-MR 1D pores), ZSM-22 (TON,
Si/Al = 35, 10-MR 1D pores), ZSM-11 (MEL, Si/Al = 36, 10-MR, 3D pores), and ZSM-5 (MFI, Si/Al =
40, 10-MR, 3D pores).

Figure 5B plots the temporal change in precursor dimension with heating time during the synthesis of
zeolite L using three different silicon sources (8 nm colloidal silica, 25 nm colloidal silica, and fumed
silica). The general profile of each synthesis is a monotonic increase in precursor size (presumably
through the incorporation of soluble species), followed by a plateau that coincides with the completion of
the induction period. The precursor size remains constant throughout zeolite L crystallization, while the
population of WLPs decreases at the expense of growing crystals. For zeolite L, the silicon source has a
significant impact on the induction time®, but does not appreciably influence the rate of WLP growth.
Moreover, we observe for the smallest colloidal silica (ca. 8 nm) that once nucleation occurs, the
crystallization timeframe is too fast to detect WLPs (i.e., they are rapidly consumed beyond 4 h). Similar
studies of other zeolites are shown in Figure SC where we observe different trends depending on the
synthesis conditions. Samples were prepared from multiple silicon sources in the presence of different
OSDAs. Profiles exhibit either increasing or decreasing size with heating time, while some show
relatively no change over the time period analyzed. For studies of TON, the OSDA selection effects
precursor evolution. For instance, precursor size decreases in mixtures prepared with 1,8-diaminooctane
(CsDN) and triethylenetetramine (TETA), whereas the same composition prepared with
tetracthylenepentamine (TEPA) resulted in relatively little change in precursor size. Comparisons of
ZSM-5 (MFI) precursors prepared with TPA using three different silicon sources revealed analogous
trends to zeolite L samples with less noticeable differences in precursor evolution. On potential cause of
the disparity among samples is that the presence of OSDAs can assist in producing soluble silicates. For
instance, prior studies have shown that an increased concentration of OSDA leads to an increase in pH,
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which impacts silica dissolution®” **. Given that many OSDAs exhibit positive charge (e.g., quaternary
amines), it was suggested by Lowe and coworkers™ that cationic OSDAs balance the negative charge(s)
of silicate anions, thereby shifting the equilibrium of silicate speciation. Iler and others have posited
similar effects by showing that organic molecules such as amines and catechol can form soluble
complexes with silicates, which can further accelerate silica dissolution®”*’. Conversely, Caratzoulas and
coworkers have postulated an opposite role of OSDAs to stabilize silicates by shielding siloxanes from
water, thereby reducing the rate of hydrolysis (i.e., as reported for tetramethylammonium stabilization of
silica cubic octamers)™.

During the transition from primary to secondary precursors (Figure 1A), hydrothermal treatment leads
to the opening of Si—O-Si bonds, whereas the presence of Si-O—Al bonds can significantly slow bond
breakage at high pH. Evidence gathered from the elemental analysis of precursors in ZSM-5 and zeolite L
synthesis'® ** indicate that the silicon content can be much higher in secondary precursors than the
crystalline product, which seems to indicate that the initial silicon source remains partially undissolved
during the early stages of zeolite crystallization. Introduction of alumina into the growth medium can
promote the aggregation of silica sols (i.c., destabilize colloidal suspensions), leading to the formation of
spherical particulates that seemingly assemble via a combination of aggregation, densification (ripening),
and growth processes. This general picture of precursor formation is highly suggestive that their
composition is likely a hybrid of the colloidal and polymeric gels depicted in Figure 2B and 2D wherein
the network is comprised of undissolved silica particles linked through species from solution that “bridge”
opposing particles; however, it is difficult to determine individual colloidal domains in transmission
electron micrographs of precursors.

One of the critical questions regarding WLP assembly pertains to the microstructure of the
amorphous particles as they evolve. This alludes to more ubiquitous uncertainties regarding how we
define amorphous materials. Is it sufficient to simply label systems as being either crystalline or
amorphous without considering the degree of local order that has been reported in many examples of
secondary (evolved) precursors? Here, we do not attempt to answer this question, but merely point out
that the starting materials used in the preparation of zeolite precursors can be quite different and that the
evolution from amorphous to crystalline is not abrupt but progressive, and moreover, that the amorphous
and crystalline phases can co-exist at given time. Indeed, it is common knowledge that subtle changes in
zeolite compositions®, such as the selection of silicon source, can have a pronounced impact on the final
product. In some instances, zeolite syntheses will only work with a particular source, whereas other
syntheses are much more robust to changes in synthesis protocol. To ascertain the differences in Si-O-Si
connectivity among three common silicon sources, we conducted pair distribution function (PDF)
analysis of as received colloidal silica, fumed silica, and potassium silicate sources (Figure 6). The PDFs
provide a histogram of all atom-atom distances within the silicate source, weighed by relative abundance
and the scattering factor of the atoms. The first three peaks on all PDFs at 1.61 A, ~2.6 A and ~3.1 A
correspond to the closest Si-O, O...0O, and Si...Si distances, respectively, that define corner-shared SiO,4
tetrahedra. The potassium silicate PDF includes additional features associated with interactions (e.g. at
~2.8 and 3.6 A) with the K" ion. As is consistent with the non-crystalline nature of the silica sources, well
defined peaks in the PDF are not observed in the PDFs at long distances, beyond ~20 A.

While the local tetrahedral SiO, structure and absence of long range order is common to all silica
sources in Figure 6, there are striking differences in the intermediate scale ordering from 3.5 - 12 A. Most
notably, in the case of the fumed silica, well defined peaks are evident in the PDF to ~12 A, reflecting a
well ordered intermediate-scale structure. Attempts to model these data showed that the structure did not
correspond to the structural motifs of common dense SiO, polymorphs. While both the colloidal and
potassium silicate source PDFs contain only broad/diffuse features beyond 4.5 A, these diffuse features
do not overlap, suggesting that different connectivity exists in these amorphous phases (although the
correlations associated with K in the potassium silicate source will also contribute owing to differences in
the structure). The broad diffuse features in the colloidal silica source shows similarities to the peaks

8
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observed for fumed silica. The difference in intermediate scale atomic-structure and ordering observed for
the silicon sources may account for the different solubilities/rates of reaction. If we presume that less
well-ordered structures will be less thermodynamically stable, then we would expect the solubility and
rates of reactions to decrease in the order potassium silicate, colloidal silica, and fumed silica.

Colloidal silica

Fumed silica

G (r) (a.u.)

Potassium silicate

r(A)

Figure 6. Pair distribution function (PDF) data of three common silicon sources: LUDOX AS-40
colloidal silica (red line), CAB-O-SIL fumed silica (blue line), and potassium silicate (black line). The
data have been weighted (G'(r) = G(r) x 1.01r) to enhance the structural differences in longer distance r.

Figure 7A — C shows images of solids that have been extracted at periodic times during the synthesis
of ZSM-5 where precursors are observed throughout crystallization. This is consistent with many zeolite
syntheses where the sequence of events is similar: the precursors first assemble and evolve during the
induction period, they then cease growing at a time that approximately corresponds to the onset of
nucleation, and over the course of zeolite crystallization the precursor content decreases. It is interesting
that precursor assembly is rapid and that these particles exhibit a propensity to grow rather than to
dissolve in highly alkaline media (i.e., pH 11 — 14). This prompts questions as to what degree silicon
sources dissolve during room temperature aging and the early stages of hydrothermal treatment. For
growth mixtures, such as those depicted in Figure 7A consisting of a high volume fraction of colloidal
precursors, the samples are opaque sols or wet gels. For growth mixtures shown in Figure 3A, which
consist of much smaller precursors, the samples are referred to as “clear solutions,” but a more accurate
description is translucent sol. It is important to note that transparent liquids do not imply the absence of
colloidal particles. Indeed, the degree of opacity is dependent upon both the size and concentration of
colloidal particles in the suspension. This is an important point to raise since it is often assumed that
placing silica in a high pH solution will lead to complete (or nearly complete) dissolution. As we discuss
herein, this does not occur for the vast majority of zeolite syntheses.

To demonstrate that silica in zeolite syntheses remain largely undissolved, we refer to a recent study®'
using dynamic light scattering (DLS) to track the temporal change in hydrodynamic diameter of colloidal
silica particles in alkali hydroxide solutions (in the absence of alumina). Using a typical silica content,
measurements were performed in KOH (pH 12) over a range of temperatures (25 — 45 °C). As shown in
Figure 8A, the rate of silica dissolution increases with increased temperature, as expected. For data
collected at 45 °C, we observe a plateau (dashed line in Figure 8A) once the diameter decreases by 9 % of
its original size. This indicates that the solution has reached thermodynamic equilibrium where an
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estimated 266 mM of dissolved silica corresponds to its solubility at that particular pH and temperature.
During the preparation of zeolite synthesis mixtures, the addition of aluminum to these colloidal
suspensions leads to its deposition on the surfaces of silica particles, which dramatically reduces the rate
of silica dissolution. This can extend the timeframe for reaching thermodynamic equilibrium, or create a
metastable state whereby the solution never reaches equilibrium prior to the onset of zeolite nucleation.
The latter scenario was observed in a recent study where we examined silica concentrations in the
supernatant of a zeolite A synthesis mixture (pH 13.7) as a function of heating time at 65 °C. In this
system, silica concentrations ranged from 10 to 30 mM, which is well below the solubility of the colloidal
silica used as a starting reagent.

Figure 7. Time-resolved electron scanning micrographs of solids extracted during periodic stages of
ZSM-5 synthesis. A growth mixture with molar composition 2 TPABr: 11.9 K,O: Al,O3: 90 SiO;:
3588 H,0 was heated at 160 °C. (A) Solids extracted after 3 h of heating reveal a population of
amorphous WLPs. (B) Solids extracted after 6 h of heating, corresponding to the time when powder XRD
patterns (Figure S1) contain the first Bragg peaks, indicate the presence of larger particles (white arrow)
that are most likely MFI crystals. (C) SEM images after 24 h of heating reveal a larger population of
faceted ZSM-5 crystals surrounded by residual WLPs (inset). Images of samples after 48 h (not shown)
reveal the disappearance of WLPs and a population of ZSM-5 crystals with an average size of 6 um.

Ier and others®**® have previously reported silica solubility as a function of both temperature and pH.
In Table 1, we compare the solubility of amorphous silica for a limited set of conditions where it is
evident that solubility increases with increasing temperature and pH. For instance, another ex situ DLS
study at higher alkalinity using NaOH (pH 13.6) and similar silica concentration revealed that equilibrium
is reached after the diameter of colloidal silica particles is reduced by ca. 28 % (Figure 8B)"". The
estimated silica solubility of 725 mM at 45°C is higher than the value in Figure 8A owing to the higher
pH of the solution. Studies such as these to quantify silica solubility are limited to temperatures that are
much lower than those of typical zeolites syntheses. This leads to questions regarding the actual
composition of solutions during the early stages of hydrothermal treatment.

It has been posited that silica solubility in highly alkaline solutions (pH > 12) and at high temperature
(T > 100 °C) can reach values in the molar range® ®. Experimental validation of these predictions is
challenging owing to the difficulty of in situ analysis. There is evidence in the literature, however, that
predicted solubility may be overestimated in some instances. One example is the presence of amorphous
silica nanoparticles in dilute silicalite-1 growth mixtures where in situ AFM measurements> “of crystal
surfaces (e.g., Figure 3C) reveal the presence of attached precursors at conditions that are predicted to be
undersaturated. This may be due to the presence of OSDAs, which as previously mentioned, can
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potentially stabilize silicate species. In the context of dissolution kinetics, primary or secondary
amorphous precursors may never reach thermodynamic equilibrium with soluble silicates. Moreover,
measurements of silica solubility, such as that presented in Figure 8, are typically conducted in purely
siliceous solutions, whereas the solubility can be quite different in actual synthesis mixtures due to the
presence of alumina, metals, and organics. For example, Iler has shown that the presence of aluminum
can lower silica solubility by orders of magnitude at high pH'’. To this end, a basic understanding of the
thermodynamic factors governing solution chemistry during room temperature aging and early
hydrothermal treatment of zeolite synthesis mixtures is generally lacking. This presents opportunities for
future studies to better understand the complex reactions of precursor assembly and evolution as well as
the growth units involved in zeolite crystallization.

Table 1. Silica solubility for amorphous sources and select zeolites.

Material pH [SiO;]q (mM)  [SiO;]eq(g/L) References
Amorphous silica (25°C) 12 318 —388 1923 6263
LUDOX AS-40 (45°C) 12 266 16 o

13.6 725 43.5 o7
Zeolite LTA (25°C) 13.6 5-10 0.3-0.6 0. 71.72
Zeolite MFI (25°C) 11.3 0.18 0.010 This work
Zeolite MEL (25°C) 11.3 0.21 0.012 This work
Zeolite TON (25°C) 11.3 0.21 0.012 This work

A 1.00

~- 45°C ° - »

0 10 20 30 40 50 60

Q- (o]
$uTS Ny e
0.70 = T T T = T 1
0 10 20 30 40 50
Time (min)

Figure 8. (A) Dissolution of LUDOX AS-40 colloidal silica particles in a KOH solution (pH = 12) at
various temperatures (data were taken from Chawla et al.®' with permission). The solution was prepared
with 1079 mM SiO,. The change in hydrodynamic diameter Dy (relative to the initial value, Dyq-)) was
monitored by dynamic light scattering. The dashed line indicates the size reached at thermodynamic
equilibrium. The colloidal particles exhibit only a 9% reduction in diameter. (B) Identical experiments in
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a NaOH solution (pH 13.6) prepared with 1156 mM SiO, (data were taken from Oleksiak et al.*’ with
permission). The dashed line indicates that equilibrium is reached once ca. 28% of the particle dissolves.

We measured the silica solubility for several zeolite framework types after allowing sufficient time
for complete crystallization (e.g., 72 h). The corresponding solubilities listed in Table 1 were measured at
25 °C by extracting the supernatant and analyzing its Si content using inductively-coupled plasma (ICP).
In Table 1 we also list reported solubilities of other zeolites, such as LTA, to illustrate an upper range of
silica solubility at higher pH. It is interesting to compare these values to those in Table 2 listing the silica
contents used in synthesis mixtures of commonly studied zeolite framework types. The range of values
listed in Table 2 are based on a limited survey of literature, and therefore do not represent the absolute
lower and upper bounds. Nevertheless, they provide an approximate range of values where it is clearly
evident that the vast majority of syntheses utilize silica content well in excess of the amorphous silica
solubility. Under such conditions, it is impossible to fully dissolve silica. Only under rare cases where
concentrations fall below 300 mM, such as purely siliceous MFI (silicalite-1) and MEL (silicalite-2), is it
feasible to achieve growth solutions of dissolved silicate species. Several aluminosilicate zeolites are also
prepared with low silica content (e.g., FAU, GIS, LTA, MFI); however, silica content in zeolite syntheses
typically exceed 1000 mM. It should be noted that it is difficult to calculate and report the supersaturation
with respect to silica due to the complexity of the medium given the presence of numerous species (i.e.,
monomers, a wide range of soluble aluminosilicate oligomers, and silica that is retained within metastable
colloidal precursors).

Table 2. Range of silica content in zeolite synthesis mixtures.”

Zeolite [SiO,] (g/L) Zeolite [SiO,] (g/L)
AEI 84 - 1020 MER 24 — 240
BEA* 111 -477 MFI 2-90
CHA 72 — 600 MOR 74 — 420
FAU 11-167 MTT 56 —256
FER 24 — 660 MTW 56 —256
GIS 9-270 MWW 74 — 248
HEU 480 -3120 RHO 180 — 540
LTA 14 -96 TON 61 —222
LTL 48 — 330 UFI 111

MEL 54 - 360

(a) Literature references for each framework type are provided in
Table S2 of the Supporting Information

It is evident from the high silica content used in the starting mixtures of zeolite synthesis that aging
silica sources in alkaline media will not result in the complete dissolution of silica particles prior to
zeolite nucleation. A more realistic scenario is that the equilibrium between silica and silicate species
(monomers and small oligomers) at a given pH is shifted towards the dissolution of silica as they are
consumed during zeolite crystallization according to the following simplified processes:

silica (s) © silicates (aq) — zeolite (s) 3)
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The kinetics of silica dissolution and the evolution of its properties (e.g., porosity, microstructure, etc.)
during zeolite growth are frequently overlooked; and in some cases, to the point that it is assumed silica
completely dissolves during aging, which is inconsistent with the low solubility of silica relative to the
high silica content of many zeolite syntheses. This is particularly relevant for synthesis protocols that
separately age (or pre-treat) silicon and aluminum sources prior to their mixing ™ relative to those that
combine sources before aging”’. In the former case, gelation is often observed when separately aged
sources are combined; however, it should be noted that these sol gels contain undissolved silica particles.
The densification process leading to what appears in electron microscopy images as a uniform spheroidal
particle suggests that silica particles are interconnected through a network of condensed soluble species,
which promote aggregation. The exact microstructure of amorphous precursors still remains a mystery,
though it is evident that primary and secondary precursors exhibit a large degree of heterogeneity with
respect to the spatial distribution of Si and Al owing, in part, to the incomplete dissolution of silicon
sources. Differences in the viscosity of sol and gel mixtures can presumably influence zeolite
crystallization by altering mass transport between solution and solid phases. It remains to be determined if
gelation persists at higher temperature, and to what degree the distribution of (alumino)silicate species
between the solution and solid states varies as a function of the aging process. Based on the
preponderance of evidence in literature that aging can significantly alter zeolite syntheses, it would come
as no surprise that the selection of silicon and aluminum sources, the order of mixing these sources, and
procedures for room temperature or hydrothermal treatment can impact zeolite growth and the
physicochemical properties of the crystalline product.

References to amorphous precursors as gels coupled with the use of oversimplified schematics that
depict these species as homogenous entities can lead to misconceptions regarding their composition and
structure. Cundy and Cox*® addressed this point by stating that “the primary amorphous phase represents
the initial and immediate product from the reactants and is a non-equilibrium and probably heterogeneous
product containing (for example) (a) precipitated amorphous aluminosilicates, (b) coagulated silica and
alumina precipitated from starting materials destabilized by the change in pH and increase in salt content
and (c) unchanged reactants.” In cases where synthesis protocols are designed to first dissolve silica by
aging sols at high pH, this can only be accomplished at silica content below 250 mM at room temperature
or around 1000 mM for mixtures at higher temperature and pH. The presence of aluminum, however,
makes it difficult to reach saturation owing to a reduced rate of silica dissolution. It is also possible that
zeolite nucleation occurs prior to reaching equilibrium between the solution and amorphous precursors
(K5 in Figure 9), in which case the driving force for (alumino)silicate speciation in is governed by the
equilibrium between the solution and crystalline phase (K; in Figure 9). This leads to a monotonic
decrease in soluble species during crystal growth until the silicates concentration is on the order 0.1 — 10
mM.

The exact role(s) of amorphous precursors in zeolite crystallization is a subject of ongoing
investigation. Figure 9 depicts several pathways of zeolite growth that can be categorized as either
classical (involving monomer addition) or nonclassical (involving the addition of species more complex
than monomers). The mere presence of precursors implies their role in the latter pathway, although
evidence shows that both classical and nonclassical pathways are involved with the former becoming
more prevalent at later stages of growth when the population of precursors is small and the
supersaturation of soluble silicate species is low. It is feasible that precursors serve as a reservoir of
nutrient that is released by dissolution (path 2d in Figure 9), although the fact that precursor size remains
constant during crystallization suggests that not all precursors dissolve, which implies that such processes
are rapid and likely occur in the proximity of zeolite crystal surfaces. If precursors directly attach to
crystal surfaces (Eq. 3; paths 2a and 2b in Figure 9), this process requires a disorder-to-order transition
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(path 2c in Figure 9). Indeed, there is still much that we do not know regarding the microstructure of
precursors, and to what degree this structure changes during primary-to-secondary phase evolution. The
lack of long-range order coupled with the presence of purely siliceous regions within these phases
indicates that a significant amount of bond breaking and reforming is required to transition from
nonhomogeneous precursors to a final zeolite where the Si and Al are more uniformly distributed.

Classical i amorphous  nanocrystallite
ﬁe% ﬁu}j\eg 9d——_Pparticle
monomer 1P

Bk

Crystal Surface

Figure 9. Putative pathways of zeolite crystal growth from a diverse selection of precursors (scheme
adapted from Olafson et al.’*). (1a) The classical pathway involves monomer-by-monomer addition
(shaded gray region). The solubility constant K; signifies equilibrium between zeolite crystals and
solution species at the completion of growth. Soluble species may also form oligomers (1b), which can
directly attach to the crystal (1c). Soluble species can reach equilibrium K, with amorphous precursors
that can add to the crystal surface (2a), evolve into secondary phases (2b) prior to their addition, or
dissolve (2d) to generate soluble species. Once adsorbed to the zeolite surface, a disorder-to-order
transition (2¢) must occur form precursors to incorporate into the underlying crystal. (3) An additional
pathway for zeolite crystal growth is (nearly)oriented attachment of crystallites in solution, which was
recently observed for zeolite A™.

In this perspective article, we reemphasize the heterogeneity of gels encountered in zeolite synthesis
mixtures. In general, gels encompass a broad spectrum of physical states. Classical polymer literature
defines gels as having four possible configurations: (1) well-ordered lamellar structures; (2) covalent
polymeric networks, completely disordered; (3) polymer networks formed through physical aggregation,
predominantly disordered; and (4) particular disordered structures® ™. In Brinker and Scherer’s book on
sol gel science’!, a signature property of the gel is defined by the combination of continuous solid and
fluid phases wherein “one could travel through the solid phase from one side of the sample to the other
without having to enter the liquid.” These definitions allow significant latitude for the classification of
gels in zeolite synthesis. Our intent is to highlight that many of the gels formed in zeolite growth mixtures
are comprised of colloidal particles. To this end, any mechanism of zeolite growth involving precursors
must take into account the fraction of undissolved silicon source that requires substantial bond breakage
and reordering. Questions pertaining to how the physical state of the synthesis mixture (i.e., sol vs. gel)
impacts crystallization pathways and/or kinetics, as well as the preservation of the physical state at high
temperatures relevant to the majority of zeolite syntheses, remain elusive. It is also important to better
characterize, clarify and describe the wide and diverse family of materials that are broadly referred as
“amorphous precursors”, as it is evident that a simple demarcation of crystalline versus noncrystalline is
an insufficient description to explain the complex effects that source selection and aging have on zeolite
synthesis.
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