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This paper reports on the acid-promoted dissolution of microporous zincophosphate frameworks of faujasite
(ZnPO-X) and sodalite (ZnPO-S) topologies. Elemental analysis of the solution as well as local pH changes
around the dissolving crystallites were measured. In addition, diffraction and electron microscopy of the
resulting solid that formed on the microporous zincophosphates upon dissolution was examined. It was found
that hopeite, Z§(PQy),, was formed in both cases, though with quite distinct sizes, being of the ordet of

um on ZnPO-X and~30um on ZnPO-S. The hopeite coating on ZnPO-X was dense as compared to that on
ZnPO-S. The local pH change around the dissolving crystal correlated well with hopeite formation. Both
elemental analysis and pH measurements indicated that the formation of hopeite was more pronounced on
the ZnPO-X. Upon gentle stirring of the medium around the dissolving crystallites, the pH changes around
ZnPO-X and ZnPO-S became similar, suggesting similar hopeite formation rates. On the basis of these results,
we propose that the nucleation of hopeite occurs on the zincophosphate surface via heterogeneous nucleation,
with the nuclei coming from the dissolution products of ZnPO-X and ZnPO-S. Differences in the morphology
of the hopeite are ascribed to the differences in dissolution products between ZnPO-X and ZnPO-S. The
stronger perturbation of the stirring experiments on hopeite formation from ZnPO-X is interpreted as arising
from the smaller size of the dissolution units and, hence, more susceptible to convection effects.

Introduction to be replaced by more condensed structéf@ssides, crystal
dissolution is of relevance in altering framework composition;

' that is, aluminosilicate zeolites are converted to more siliceous

frameworks by a partial dissolution mechani$i8ubotic and

'co-workers have made some of the most detailed analysis of

Microporous solids form an important class of materials
characterized by porosity in the range ef 25 A. Of particular
interest among this class of materials are aluminosilicate zeolites

which are extensively used in chemical, petrochemical, envi- dissolution of zeolites, including development of kinetic models,

ronmental, and consumer industrieSesides Si am.j Al, based on the rates of appearance of soluble silicate and aluminate
elements such as Zn, P, Ga, and a host of other transition metals

. Species in solutio®? On a molecular level, very little work has
can aiso be a part of the microporous framewbrkhe been done on dissolution. Recently, an AFM study focused on
framework elements are typically bonded to four oxygen atoms dissolut fth lt S 'h y,l dit d y luded that
in a tetrahedral geometry. Such materials are typically synthe- Issolution o the zeofitic mineral heulandite and conciuded tha
sized using hydrothermal methods, in which the reactants go layers of alumllnosmcates were removed from the dissolving
through a complex sequence of polymerization and depolym- C'Ystal surface:
erization reactions to form nuclei that grow into crysfals. ~ In this paper, we focus on dissolution of microporous
Considerable research is presently focused on determining theffameworks made up of zinc and phosphorus atoms and are
factors that lead to the development of microporosity in the referred to as zincophosphates (ZnP®)n particular, we
crystals. Over the past two decades, spectroscopic and scatteringompare and contrast the dissolution of zincophosphates with
methods have focused on the earliest stages of crystal gféwth. the faujasite (ZnPO-X) and sodalite topologies (ZnPO-S). The
Crystal growth has been proposed to occur by agglomerationadvantages of studying zincophosphates are 2-fold. ZnPO-S and
of nanometer-sized nuclei into specific geometries which then ZnPO-X both have the same framework composition with Zn/P
superassemble to the crystal or by incorporation of the small = 1, and the dissolution can be examined under ambient
nanometer units onto a growing crystdlHow microporosity conditions. We report here that, under acidic conditions, both
is generated during such crystal growth processes is not clearZnPO-X and ZnPO-S dissolved with formation of a film of
It has been proposed that in the presence of organic moleculeshopeite, Zg(PQy),, on the dissolving crystals. The size distribu-
the organie-inorganic-water interactions are modified by tion and particle morphology of the hopeite were distinct on
electrostatic and hydrophobic forces to generate cavities, aroundznPO-X and ZnPO-S. Elemental analysis of the solution showed
which the inorganic structure links itsélf. that the rate of appearance of the dissolved Zn and P was

Crystal dissolution has not been as extensively studied asdifferent for ZnPO-X and ZnPO-S. Use of a colorimetric acid
crystal growth, though understanding the dissolution of the base indicator dye coupled with electronic spectroscopy provided
frameworks is also necessary for various reasons. Large porea convenient probe for monitoring the pH around the dissolving
microporous materials are metastable structures and dissolvecrystals as a function of time. Perturbation of the dissolution
via convective currents was examined. Overall, this study
*To whom correspondence should be addressed. concludes that zincophosphates with different structures dissolve
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Figure 1. Framework structures of (a) ZnPO-S, (b) ZnPO-X, and (c) hopeite. In Figure 1a,b, th®-ZR bond is represented as a line, whereas

in Figure 1c, the Zr-O—P bonds are explicitly shown.

by formation of distinct subunits, which leads to the different
growth dynamics and, hence, morphologies of hopeite.

Thin films of hopeite are technologically relevant as coatings
on steel for corrosion preventiéf exhibit high breakdown
voltages!® and find use in electric motors and transformers
and are present in dental ceramiés.

Experimental Section

Materials. Zinc nitrate hexahydrate (Aldrich, 98%)3PIOy
(AR Grade, Mallinckrodt, 85%), 1,4-diazabicyclo[2,2,2]octane
(DABCO; Aldrich, 98%), tetramethylammonium hydroxide
(TMAOH; 25% wi/w, Sachem), and sodium hydroxide pellets
(NaOH; 98.8%, Baker Analyzed) were used as received.
Zincophosphates of framework type ZnPO-S and ZnPO-X were
synthesized by following literature procedufés.

General Procedures A citrate buffer solution of pH 3 was

allow for a smooth stirring. The head of the crossbar was about
2 cm above the pellet.

ICP—OES Elemental Analysis.A sample of 0.2000 g of
materials was used to press a pellet of diameter size 13 mm.
The pellets were placed in screw capped glass vials, and 10
mL buffer solution of pH= 3 was added carefully to each vial,
and the vials were closed. The solution was carefully drained
using a 25 mL pipet at the desired time interval. These solutions
were analyzed for Zn and P concentration using HCES
spectroscopy.

Results

Figure 1 shows the structures of the two frameworks, ZnPO-X
and ZnPO-S, whose dissolution has been examined in this study,
as well as a condensed zincophosphate, hopeite. All experiments
were carried out with pressed pellets of ZnPO-S and ZnPO-X
crystallites in a buffer of pH- 3. The pressed pellets made it

prepared by dissolving citric acid monohydrate, sodium hy- conyenient to examine both solution and solid phases. The
droxide, and sodium chloride of concentrations 0.04, 0.021, and gissolution of ZnNPO-X made with two structure directing agents,
0.06 M, respectively. Pellets of the zincophosphate materials pABCO and TMAOH, were studied. The consequences of

were pressed by applying a pressure of ¥710* N m=2

dissolution, as determined by a variety of methods, were found

Electronic spectroscopic analysis was carried out using a g pe very similar for ZnPO-X made with DABCO or TMAOH;

Shimadzu UV-265 spectrophotometer. The morphology of the s the results presented in this paper deal with the TMA-
crystallites of materials was characterized by SEM using a JEOL gerived crystals.

JSM-820 electron microprobe. Prior to examination, the samples  cyystal Dissolution in an Unstirred Environment. a.
were mounted with double-sided carbon paste tape on aluminumpgyder Diffraction.Figure 2a,b show the powder diffraction

pegs and coated with a film of evaporated gold. Quantitative

data obtained from the top surface of the pellets of ZnPO-S

analysis of phosphorus and zinc ions in the water phase wasgng znPO-X before and after exposure to the pk8 buffer.

carried out using a Perkin-Elmer Optima 3000 DV inductively
coupled plasma optical emission spectrometer t{OES). The
X-ray powder patterns were determined with a Rigaku, D-Max-
2B X-ray diffractometer using nickel filtered Cuck(A = 1.5405

A) radiation.

Dissolution Experiments. Unstirred Systemin a typical

In both samples, the peaks from the parent crystals decreased
with time and there was the appearance of a new set of peaks.
These new reflections were readily assigned ta(E26y),,
commonly known as hopeifé. The peaks that were due to
hopeite obscured those from the underlying ZnPO-X much more
rapidly (within the first hour) than they did with ZnPO-S, where

experiment, a sample of 0.0300 g of powder material was usedthe signal that was due to the parent crystal was observed even
to press a pellet of diameter size 8 mm. The pellet was placed after 4 h.

carefully at the bottom of a spectrophotometric cell and 3 mL
of the buffer solution (pH= 3) mixed with bromocresol green
dye (dye concentratior ~1.6 x 10> M in buffer) was added
slowly with a pipet, and the cell was immediately placed in the
cell holder which was previously adjusted using aluminum

b. Electron MicroscopyfFigure 3 compares the SEM micro-
graphs of the starting ZnPO-S and ZnPO-X powders used in
this study. The ZnPO-X crystals were octahedral and reasonably
uniformly sized of about 5im, whereas the ZnPO-S crystals
were not as well defined and slightly smaller, yet single-crystal

spacers so that the light beam passes very close to the uppefinits and not agglomerates. Figure 4a,b shows the surfaces of

surface of the pellet (within 1 mm). UWis spectra were
recorded at an interval of 15 min.

Stirred SystemThe stirring of the solution in the cell
concurrently with the UV-vis spectral recording was achieved
by using a motorized mechanical stirrer. This stirrer was
designed to immerse through the top of the s cuvette,

and the stirring range was controlled between 0 and 620 rpm.

A Teflon crossbar was attached to the end of the stirring bar to

the ZnPO-S and ZnPO-X pellets, respectively, after exposure
times of 1 ad 4 h to pH 3buffer. It was clear that, upon
exposure to acid, a new layer was forming on the original
crystal. Because this surface has the diffraction pattern char-
acteristic of hopeite (Figure 2), the composition of the new layer
is Zng(POy)2. However, the crystal morphology of hopeite was
quite distinct on ZnPO-S and ZnPO-X, with much larger crystals
on ZnPO-S £30um) than on ZnPO-XA1 um). For ZnPO-S,
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d. pH Changes during Crystal Dissolutio@hange in pH
can be readily measured by monitoring the absorption or
fluorescence spectra of dye molecules in solution. Using
bromocresol green as an indicator, we measured the transient
change in pH above a ZnPO-X and ZnPO-S pellet buffered at
U l pH ~ 3. From a titration of bromocresol green as a function of
pH, a calibration curve based on the intensities of the acidic
(Amax ~ 441 nm) and basicifax ~ 615 nm) forms of the
indicator was established. When a pellet of zincophosphate was

introduced into a pH- 3 buffer containing bromocresol green,
! n “.MJ l AI it was noted that the yellow color of the dye solution just above
the settled pellet (about a length of 1 cm) turned to a greenish
10 20 30 40 50 60 color, indicating an increase in pH above the dissolving
20 crystallites. The absorption spectrum of the dye was monitored
in this region above the pellet (about 1 mm above the pellets)
Ohour (b) as a function of time and is shown in Figure 7. The system was
left completely undisturbed during the measurements.

From the absorption spectra in Figure 7 and the pH calibration
curve, the pH changes around ZnPO-X and ZnPO-S were
determined and the data plotted in Figure 8a. The pH change

around the ZnPO-X was more marked than around ZnPO-S,

and in both cases, the solution around the dissolving crystal

s hour was pecom_ing more basic. The measurement at time zero

l coincided with adding the buffer to the pellet, and the baselines

0 hour (a)

Intensity

Intensity

were not yet established. The data were considered from a time
' . ‘ \ . of 15 min.
10 20 30 40 50 60 Crystal Dissolution in a Stirred Environment. Another
26 series of experiments were done with gentle stirring of the
Figure 2. Powder diffraction patterns of pellets of (a) ZnPO-S and Medium with a stirrer positioned from the top of the cell, and
(b) ZnPO-X after 0 ad 1 h of exposure to pH- 3 buffer. extending to about 2 cm above the pellet (details in the
Experimental Section). Stirring speeds up to 600 rpm were
the sodalite crystals can be seen clearly between the hopeitestudied. As long as the stirring speeds were kept below 100
crystals on the surface. The side view of the ZnPO-X pellet rpm, it was possible to keep the colored plume above the
(Figure 5) afte 2 h of exposure shows that the bottom of the dissolving crystal with a similar appearance to the unstirred
pellet is still ZnPO-X and that hopeite forms a pretty dense samples. At higher speeds, eventually the whole solution turned
layer of 200um on the top of the pellet. bluish-green because the stirring was intense enough to promote
c. Elemental Analysis of the Solution Phase during Crystal considerable dissolution of the pellet and overwhelming of the
Dissolution.The solution phase was analyzed for both Zn and buffer. Figure 8b shows the comparison of the pH changes above
P by ICP-OES during crystal dissolution and the data are the dissolving crystals for stirring speeds of 100 rpm. At the
presented in Figure 6. Even though the composition of both higher stirring speeds of 100 rpm, there was a decrease in the
frameworks was Zn/P= 1, the elemental analysis showed that absolute magnitude of the pH gradient, because of the stirring.
the solution became considerably more enriched in P than in More importantly, as the stirring speed increased, the pH
Zn. During the time period of 25 h, there appeared to be a changes around the dissolving ZnPO-X and ZnPO-S appeared
fairly linear relationship for the appearance of Zn and P in to be merging. Increased convection should lead to enhanced
solution. The difference to note between ZnPO-X and ZnPO-S dissolution because the concentration of the zinc and phosphate
was that the appearance of P in solution was comparable forspecies at the surface of the dissolving ZnPO decreases. The
both, whereas the amount of zinc and the rate of its release (bySEM micrographs of the ZnPO-X and ZnPO-S pellets after 4 h
a factor of 2) was smaller for ZnPO-X. at the 100 rpm stirring are shown in Figure 9.

p L) e_a;:? .xez’aaa_.i

Figure 3. SEM micrographs of powders of (a) ZnPO-S and (b) ZnPO-X.
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Figure 4. SEM micrographs of pellets of (a) ZnPO-S and (b) ZnPO-X afterd 4 of exposure to pH- 3 buffer (unstirred system).
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Figure 6. Elemental analysis of solutions of pellets of ZnPO-X and
ZnPO-S exposed to pH 3 buffer. Symbols represent ZnPO-S, Zn

Figure 5. SEM micrograph of a side view of ZnPO-X after 2 h (@) and P @), and ZnPO-X, Zn £) and P ®). Concentrations were
exposure to pH- 3 buffer (unstirred system). The layer to the right of  ¢|culated based on a volume sfL0 mL of buffer.
the arrows is hopeite.

Discussion Elemental analysis of the solution shows the presence of both
. ) ) zinc and phosphorus. Thus, the dissolution chemistry must
Hopeite Formation. a. Unstirred SystemThe powder involve

diffraction data (Figure 2) clearly indicates that in both ZnPO-X
and ZnPO-S dissolution, hopeite is being formed as the product
at pH~ 3. Electron microscopy shows that the morphology of
the hopeite formed in both cases is quite distinct. In ZnPO-X,
the hopeite crystals are considerably smaller and form a denseBesides free zinc and phosphate ions, species such ag ZnH
coating on the surface of the ZnPO-X pellet. For ZnPO-S, the PQs™ can also exist as ion-paité: Hopeite crystals are made
hopeite crystals are considerably larger and do not completelyup of distorted Zn@ octahedra, Zn@ tetrahedra, and PO
cover the pellet surface. These differences in the hopeite tetrahedra units and four water molecules (Figure¥@ecause
microstructure explain the powder diffraction data in the case the ZnPO frameworks contain only tetrahedral units, consider-
of ZnPO-X dissolution, where peaks only due to hopeite are able structural rearrangement is required and a solid-state
observed after the first hour of reaction. transformation is unexpected. Formation of hopeite occurs by

MZnPO, — M*(aq)+ Zn**(aq)+ PO, (aq)
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Figure 7. Absorption spectra of the solution above a dissolving
ZnPO-S pellet as a function of time (spectra taken every 15 min) in a

solution containing bromocresol green buffered atpH (unstirred
system).
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Figure 8. pH changes around dissolving ZnPO-@) (@and ZnPO-X
(m) as a function of time for an (a) unstirred solution and (b) a solution
stirred at 100 rpm.

the following reaction:

3zrt* + 2PQ* — Zny(PO)),

Singh et al.

the zinc and phosphorus concentrations in solution can then be
attributed to the formation of hopeite. As hopeite crystals grow,
the imbalance between the zinc and phosphate concentrations
becomes marked in time. However, it is important to note that
the divergence in the P and Zn concentration in time is more
marked with ZnPO-X than ZnPO-S, though the overall moles
of zinc and phosphorus in solution are comparable for both
crystals. Thus, for ZnPO-X dissolution, the greater divergence
of the phosphorus and zinc curves indicates that more of the
dissolving nutrients from the crystal are incorporated in hopeite.
This conclusion is consistent with the diffraction and electron
microscopy data, which indicate more extensive nucleation of
hopeite on the ZnPO-X surface. However, because hopeite also
dissolves, the elemental analysis cannot be used quantitatively
for estimating ZnPO dissolution or hopeite formation.

The colorimetric method provides a better estimate for hopeite
formation. We have examined the dissolution of hopeite and
find no change in pH around the dissolving crystal. This
indicates that the hydrolysis of Zhbalances the pH increase
from the phosphate. The dissolution of the framework zinco-
phosphate structures with Zn# 1, to form hopeite, leads to
the imbalance of Zn and phosphate that leads to the pH change.
The increase in pH around the dissolving crystal can be readily
explained as arising from reaction of FFO with H™ to form
HPQZ /H,PO,~. Thus, any changes in pH that we observe
during ZnPO dissolution can be related to the formation of
hopeite. The larger change in pH for the ZnPO-X system is
consistent with the elemental analysis data and supports the
model that hopeite growth is more pronounced on ZnPO-X as
compared to the ZnPO-S system.

b. Stirred SystenThe noninvasive nature of the spectroscopic
measurement made it possible to study the pH change with
gentle stirring. Previous studies of Cag@recipitation have
shown marked changes in both the crystal habit and morphology
upon stirring® The convection currents generated by stirring
have several effects. They increase the dissolution of both
ZnPO-X and ZnPO-S and, as evidenced from the diffraction
data and SEM, result in formation of more hopeite. Stirring also
increases the hopeite dissolution as evident from the SEM of
the hopeite crystals for stirred and unstirred experiments. For
the stirred samples, the hopeite crystals have a hollow groove
in the slab-like crystals. Stirring has not changed the overall
morphology of the hopeite crystals. The absolute change of pH
diminishes with stirring, which is expected, because stirring
reduces the H concentration gradient established around the
dissolving crystals. However, for a fixed stirring speed, the
difference in pH between the ZnPO-X and ZnPO-S dissolution
is a reflection of the dynamics of hopeite formation. Thus, with
increasing stirring speeds, merging of the pH change between
ZnPO-X and ZnPO-S reflect the fact that the rate of hopeite
formation in both framework dissolutions are becoming similar.

Dissolution Mechanism.Perez and Nancollas have studied
the growth of hopeite and concluded that the crystallization rate
is controlled by factors such as incorporation of growth units
at dislocations in the crystal surface or by the replacement of
water molecules between the cation hydration layer and the
solvent. The exact nature of the growth units was not deter-
mined?®

Previous studies on dissolution of microporous aluminosilicate
materials provide some perspective about the dissolution mech-

As the zincophosphate dissolves, supersaturation that initiatesanisms. Cizmek et al. have studied the dissolution of high-silica
the nucleation of hopeite occurs around the pellet surface. Thepentasil zeolites in caustic solution and found that organic-free

formation of hopeite is promoted because of its low solubility,
Ksp being reported on the order of 18.24¢ The inequality in

zeolite dissolved more rapidly because the Giduld penetrate
deep into the framework’ In the present case of ZnPO-X and
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Figure 9. Top and side view SEM micrographs of pellets of (a) ZnPO-S and (b) ZnPO-K4fteof exposure to pH- 3 buffer, stirred at 100
rpm.

ZnPO-S dissolution, Hpenetration with its hydration cell into A more likely possibility is that the hopeite is nucleated on
the ZnPG-S framework is not expected, so dissolution is or very close to the surface of the dissolving crystal from the
expected to occur from the surface. In the case of ZnPO-X, ion intermediate dissolution products prior to the species escaping
exchange of the Naions by Hf can occur and dissolution can into the solution. This would be supported by an earlier paper,
proceed from within the crystal. in which we examined the dissolution of a single crystal of
Dissolution of zeolite A with Si/Al= 1 and, therefore, ZnPO-X (rather than a large collection of crystals as in a pellet)
comparable to the present ZnPO with Zr#AL has been studied ~ and found that even slight convective motion around the
and was found to be congruent and no new phases were formeddissolving crystal led to complete absence of hop¥itEhus,
The silicon and aluminum species in solution were primarily if the dissolving species are removed from the surface, hopeite
monomerict®However, if the zeolite A (K-exchanged zeolite ~ can no longer be nucleated. The process of heterogeneous
A) was made amorphous by thermal treatment and its dissolutionnucleation on the zincophosphates can occur at lower super-
examined, then zeolite A was found to form in solution, saturation and can be promoted by the surface stru¢iure.
presumably because of the higher solubility of the amorphous this process, the number of crystals is a reflection of the number
material over the porous zeolite netwdfR.This is surprising of heteronuclei, and so in the ZnPO-X dissolution, a larger
in view of the fact that the amorphous condensed material hasnumber of heteronuclei are being formed.
to dissolve from the outer surface, whereas the zeolite allows The assumption that formation of precipitates, such as Zn
for penetration of the SOIubiIizing agents into the zeolite. (PO4)2, ocecur by Simp]e stoichiometric reactions betweegZn
Dissolution of some zeolites can lead to the formation of and PQ®~ may not be correct. For example, in the precipitation
secondary phases, such as amorphous 8@n ZSM-5, and of Ag,WQO, from Ag™ and WQ,~, the presence of polymeric
for different crystalline modifications of Sior different species WO212~, HWeO2>, and Wi;04'% needs to be
hydrates of sodium silicate upon dissolution of silicalité?. considered? Similarly for Fe(OH} precipitation, the experi-
These secondary phases were thought to form by reaction ofmental results are best explained by reaction ofGg)""
solubilized species in the solution or by reaction on the surface and Fg(OH);*", rather than reaction between?EF@nd 3 OH .20
of the dissolving solid. Thus, the amorphous precipitate on the We propose the hypothesis that the nuclei of hopeite arise from
ZSM-5 surface was proposed to occur by reaction of silicate intermediate dissolution products of the zincophosphate frame-
ions in solution with the ZSM-5 surface. works. Because of the differences in the framework structure
The simplest possibility for hopeite formation is that the and the access of protons to the framework, the dissolution units
frameworks are dissolving to form zinc and phosphate, which are structurally different and result in the formation of hopeite
then exceed supersaturation to form hopeite. However, consider-of distinct morphologies. Small crystals are expected to grow
ing the differences in morphology and the dynamics of hopeite faster than larger crystals for diffusion-controlled processes. The
formation and that the overall levels of solubilized zinc and pH studies indicate that the hopeite formation on ZnPO-X is
phosphate are comparable, as evident from the elementalmore pronounced than that on ZnPO-S and could be a reflection
analysis, we do not favor this mechanism. of the smaller crystals and diffusion-controlled growth.
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