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Small-angle X-ray scattering (SAXS) and microcalorimetry were used to study the dissolution of silica
nanoparticles that serve as precursors in the synthesis of the pure-silica zeolite, silicalite-1. Temporal
changes in nanoparticle size were monitored by SAXS to obtain radial dissolution rates on the order of
1 x 102 nm/min, 10 times greater than those of silicalite-1. Nanoparticle dissolution rates are independent
of solution alkalinity (above pH 11) and particle surface area, although contributions from the latter
account for more than 60% of the nanopatrticle enthalpy of dissolution @33 kJ/mol SiQ relative
to silicalite-1). We show that dissolution enthalpies and rates correlate to the molecular structure of

silicates. Comparisons among amorphous silica, silicalite-1, and silica nanoparticles suggest that the latter
are amorphous and therefore not simply small fragments of a crystalline zeolite. Nevertheless, they do
possess a degree of ordering greater than that in dense amorphous silica. Dissolution experiments were
also performed on heat-treated nanoparticles grown via Ostwald ripening. With increasing time of heat
treatment, the nanoparticle dissolution rates and enthalpies decrease in magnitude toward those of silicalite-

1, suggesting a structural reorganization of silica within the particles. The results offer insight on silicalite-1
nucleation as well as relevant time scales and rate-determining steps involved in zeolite crystallization.

1. Introduction

Identifying the role of silica nanoparticles in zeolite
nucleation and growth is important for quantifying and

controlling the properties of these materials for implementa-

tion in optical or electronic devicésselective separatioris’
and other applicatiors? The synthesis of silicalite-1 (MFI

framework type) has served as a prototype for mechanistic
studies of zeolite crystallization (see Figure 1b). In this paper,
we investigate the nanoparticles formed in precursor solutions
of silicalite-1, synthesized using the structure-directing agent

tetrapropylammonium (TPA.
Silica nanoparticles (6 nm) are formed in solutions of
tetraethylorthosilicate, water, and a strong baseOM™,
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through spontaneous self-assembly above a specific silica
concentration (i.e., Sigsolubility).X%* Nanoparticles serve

as precursors in clear solution syntheses of micropéfolds
and mesoporod&!’ silica materials. The nanoparticles are
comprised of covalently bound silica with silanol groups that
dissociate above pH 10, thus giving the particles a negative
charge. Counterions, M are typically small organocatiots

or alkali metal cations that associate with the nanoparticle
surface via electrostatic and/or hydrophobic forces. Coun-
terions in microporous syntheses are typically small organic
cations that act as structure-directing agents (SDASs) in zeolite
crystallization. The relatively low hydrophobicity of SD&s*
inhibits cation self-association at typical concentrations and
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Figure 1. (a) Schematic representation of as-synthesized (top) and heated (bottom) silica nanoparticles. The former hasbell cbrecture consisting

of a SiG, core surrounded by an adsorbed cation shell (labeled as" T&Asilicalite-1 precursor solutions). Heated nanoparticles (grown by Ostwald
ripening) have a core comprised of TPANnd SiQ, the thickness, exact composition, and structure of which are unknown. Particle morphology has been
identified as either polydisperse spheres or oblate ellipsoids and is presented here as the latter with ré&iahd®gs(b) Schematic diagram of silicalite-1
growth illustrating three proposed mechanisms in the literature: (1) “monomer addition” involving the dissolution of nanoparticlds tpatonomers/
oligomers that add to the zeolite surfé€d2) “nanoparticle addition” whereby nanoparticles (disordered or partially crystalline) adsorb to the surface (path
N1) and undergo rearrangement (p&tB) to form the crystalline producég and (3) direct addition (patN1) of crystalline nanoparticles with little to no
rearrangement>t

leads to charge-stabilizédcore—shell! nanoparticles con-  etry has been used to investigate various aspects of silicalite-1

sisting of a hydrated silica core surrounded by a layer of crystallizatior?®~3! Here, we combine both techniques to

adsorbed cations (see Figure 1a). analyze the dissolution of silica nanoparticles. Dissolution
Silica—TPAT nanoparticles are thermodynamically meta- experiments are performed on as-synthesized and heat-treated

stable?® Heating during the early stages of nucleation results nanoparticles to observe their structural evolution. The

in an Ostwald ripening process (see Figure 1a), where somecombined results from these studies are put into a broader

nanoparticles grow at the expense of others that disgblve. perspective of nanoparticle structure and silicalite-1 crystal-

Growth is accompanied by a shift in nanoparticle composi- lization.

tion toward that of silicalite-2* However, it is not known

how the molecular structure and arrangement of silica (and 2. Experimental Methods

TPAT) within the nanoparticle core changes during this

heating process. The structure of nanoparticles (in particular ~2-1. Synthesis and Dissolution Studiesilica nanoparticles were
whether particles are more like amorphous silica or more Synthesized by mixing tetrapropylammonium hydroxide (TPACH,
like a crystalline zeolite) has been the subject of intense Alfa Aesar, 40 w/%) with deionized water, followed by the addition

debate, given that attempts to probe their long-range orderOf tetraethylorthosilicate (TEOS, Aldrich, 98%) to obtain drY:
! . . . ) 9500:4Y TPAOH:SIiQ;:H,0:EtOH molar composition. Solutions of
have been inconclusivé:?® For example, X-ray diffraction

X ) . varying alkalinity X = 4.5, 9, 18, and 27) and silica concentration
(XRD) cannot be used to provide evidence for or against (Y = 40, 60, and 80) were prepared to study the effects of

crystallinity at the nanoscale, because the particle size is toonanoparticle size and number density. Nanoparticle solutions were
small to generate Bragg peaks in the scattering patterns.continuously stirred for 12 h and filtered with a 0,48 membrane
Techniques such as Fourier transform infrared spectroscopy(Pall Corp.) prior to analysis. We denote these “as-synthesized”
(FTIR) and?*Si NMR mainly provide information on nearest nanoparticles (i.e., prepared at room temperature), and they serve
neighbor connectivities, but not mid- or long-range order. as the reference point for comparing particles grown at higher
Although some data in the literature suggest silica nanopar-temperatures. All ngnoparticle solutions contain the ethanol formed
ticles are similar to amorphous siliéano direct evidence during t_he hydrolysis of TEOS_. Thermal treatment was performed
of their molecular structure has been obtained. by placing 10 mL of solution in sealed polypropylene tubes that

In this paper, we use small-angle X-ray scattering (SAXS) were SmeerQEd in a water b?th regql_atgdﬂml C at chosen

d mi lorimetry to i tigate TPAili temperatures in the range-230 °C. Equilibrium temperature was
gn microcalorimetry 1o mves_'ga e fica na_n_opgr- reached within 5 min of heating, and the individual samples were
ticles. SAXS was used previously to study silicalite-1

X U REEY - - removed at various times and quenched in an ice bath.
precursor solutions, yielding information on nanoparticle

1026 1197 itiod* Mi . Dissolution of silica nanoparticles was induced by increasing
size,***morphology;™*'and compositiori* Microcalorim- pH through the addition of TPAOH to the solutions while stirring

at room temperature. Samples were immediately placed in polypro-
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Table 1. Molar Compositions and Concentrations for Nanoparticle within the g-range 0.1-8 nnrl. Patterns were normalized to the
Syntheses and Dissolution height of the primary beam signal, and the background (i.e.,
synthesis composition and pH  dissolution concn (M) deionized water) signal was subtracted for each sample.
sample  YSiQ X TPAOH pH [SiOJw:  [TPAOH] Sizing gf siIicaIite-.l and Stoer particles were conducted by
dynamic light scattering (DLS) using a Brookhaven Instruments
S1 80 27.0 115 0.4 0.5 .
-~ 40 9.0 11.0 0.2 0.3 BIQOOOAT correla_tor_ and BIZOO_SM gonlometgr. S_amples were
S3 60 9.0 10.8 0.3 0.3 placed in a decalin index-matching bath and illuminated with a
S4 40 4.5 10.4 0.2 0.3 488 nm laser source (Lexeb2 W argon laser). All measurements
22 gg g-g ig-g 8-2 8-2 were performed at a scattering angle of @dd a temperature of
: ' ' ’ 25 °C. The intensity autocorrelation function was analyzed by the
2Molar compositions, Y:X:9500:4Y SiOTPAOH:H;0:EtOH, of as- method of cumulants (quadratic). Four measurements (1 min each)

synthesized particle$.[SiO]t and [TPAOH] values correspond to the
concentrations after TPAOH addition to as-synthesized nanoparticle solu-
tions.

were taken to allow statistical averaging. The diameters were
corrected for solution viscosity, which was obtained with a
Cannon-Ubbelohde capillary viscometer and a Cannon CT-1000
Table 1 lists the compositions of solutions, labeled as samples S1  constant temperature bath. Deionized water (0.89 cP &Cp@as

S6, and their concentrations following TPAOH addition. used to calibrate the viscometer. Solutions at pH 12.9 and 13.5
resulted in viscosities of 0.96 and 1.21 cP, respectively. Viscosities

following the protocol of Hedlund et a¥2in which TPAOH was of solutions at lower pH were equal within experimental error to
mixed with deionized water, followed by the addition of TEOS to that of pure _water. . .

obtain a 9:25:1450:100 TPAOH:SiB,0:EtOH molar composi- 2.3. Calorimetry. A Setaram C-80 Calvet twin microcalorimeter
tion. The solution was stirred overnight at room temperature and was used_to obtain enthalpies of dissolution. The calorimeter was
placed into a sealed, Teflon-lined autoclave that was heated in anoperate_d |sotherma_lly at 28_'69 0.01°C. S"’"T‘p'es (1.0 g) were
oven at 100°C for 48 h. Silicalite-1 crystals were washed with placed in a Teflon-lined stainless steel reaction cell, and the same
deionized water, separated by ultracentrifugation (13,000 rpm), angamount of d¢|on|zed yvater was placed in a.rleference cell. After
decanted to remove the excess ethanol. soluble silica. and TPAOH the nanoparticle solution was allowed to equilibrate at the desired

The wash/centrifugation procedure was performed a total of threetefmperature and the calogmz_atﬁr rr]eached a stelady kl)as_ellns, Ohlz 9
times, and the isolated particles were stored in deionized water © TPAOH was contacted with the nanoparticle solution by the

(stock solution contains-0.1 g of particles per 1.0 g of 4). QOwnward push ofgretractable rod. This rod droppeq asmgll plug
Dissolution studies of silicalite-1 particles were conducted by :Ar\lltt?} thethietII,Wexpcr)]&tng theiJ PAtOHtitro tLhe rnan(t:)ip?rt:ﬁliitn:lxn;;]e.
placing~1.0 g of stock solution in 110 g of aqueous solutions of oug as not possibie 10 s € reactio ure, the

TPAOH. TPAOH and water were mixed to give a desired pH and fgtmrﬂeot;(iﬂemh:ehaet S:JSS(:.U t::;r: trszcugk]al\g acsc")rfsglrzltldaelngﬂijnt:eﬁhte
fitered with a 0.45 um membrane, followed by particle u WsIg S value. Pty

addition and sonification. Samples were placed in sealed, 15 mL plug was smul_tanequsly released in the_ reference cell to cor_rect
. for any mechanical disturbance. The reaction enthalpy was obtained
polypropylene tubes and submerged in a water bath regulated at

70—-95°C. Samples were removed at various times, allowiig gg:]n et::.i hfha; ﬂ::l'( g?etz ttz)yelnntLegratlkr)]gattZI'Fk)f:tl'(;n?Zstro?T)E,ta?:: q
min prior to the first removal, and were kept in an ice bath before vering P Py by foratl ’ :

measurement. by electrical calibration. The heat of TPAOH dilution was measured

Amorphous silica Stoef? particles were svnthesized followin similarly to that of nanoparticle dissolution, using a mixture of
P P Y ; 9 9:9500:160 TPAOH:KO:EtOH molar composition in the reaction
the protocol reported by Bogush efln one container was placed cell
15.00 g of ethanol (Sigma-Aldrich, 99.5%), 1.42 g of ammonium . . . . .
X . 2 Microcalorimetry of Stber particles was performed following
hydroxide (Aldrich, 28-30% NH;), and 9.00 g of deionized water. .
. the same protocol. A 0.23 M TPAOH# mixture (1.0 g) was
In a separate container, 23.00 g of ethanol and 2.08 g of TEOS . . ; .
. . placed in Teflon-lined stainless steel reaction and reference cells.
were mixed, and the contents of both containers were then . )
. . . . After the setup was allowed to equilibrate and the calorimeter
combined. The resulting mixture was stirred at room temperature . .
. . . - reached a steady baseline, 10 mg of amorphous silica (dry powder)
for 6 h, after which the particles (diameter250 nm) were isolated .
. . was contacted with TPAOH by the downward push of a retractable
by several ethanol wash and centrifuge cycles. The particles were : S . . )
tored in ethanol (0.06 g of sili r 1.0 0 of ethanol) and a fraction rod. The heats of reaction for silicalite-1 dissolution were obtained
stored in ethanol (0.06 g of silica per 1.0 g of ethanol) and a fractio by first placing 7.0 g of silicalite-1 (12 mg Siin 0.23 M TPAOH)

was dried for calorimetry measurements. Dissolution studies were . . . .
) g o in a sealed Teflon-lined stainless steel vessel. A heat flow signal
performed by first placing~1.0 g of stock solution in 0.3 M

TPAOH (previously filtered), sonifying the mixture to break was recorded using deionized water as a reference to reduce
. " ) baseline offset. The temperature was increased from 22 t6@10

potential aggregates, and heating the sample according the procedurgt 0.1°C/min

forZSIzhcsgt:il:ll.e Size MeasurementsNanoparticle size was mea- 2.4. Conductivity and pH. All silicate samples stored in ice

4 by SAXS usi SAXS A P . S | were allowed~15 min to reach room temperature prior to pH and
sured by using a ess (Anton-Paar) instrument. Samp esconductivity measurements. The ionic conductivi0(02 mS/cm)

were placed in a vacuum-tight 1 mm diameter quartz capillary was obtained with a VWR model 2052 EC meter and the pH
holder, and measured at 16 (allowing ~8 min for temperature | 4 g5) \yas measured using a Corning 355 pH/ion analyzer and a
equilibration). A monochromatic, line-collimation source of GuK WTW SenTix 61 pH combination electrode. The pH meter was

radiation ¢ = 1.54 A).Was used with a 265 mm sample-to-detector .10 with standardized pH 7, 10, and 12 buffer solutions (Alfa
distance. The scattering patterns were collected over a 30 min per'OdAesar)

Silicalite-1 crystals (diameterr 130 nm) were synthesized

(32) rgegdéugg,i]é%Mintova, S.; Sterte,Microporous Mesoporous Mater. 3. Results and Calculations
gig gg%bufhwa 'T_'lr.'.k‘Tf‘;C?or,\',ﬂ’ o ggﬂg'sdki'nge'ﬁg?eN%ﬁ'_lggit.Z%g”zds 3.1. Silica Nanoparticle Dissolution3.1.1. Nanoparticles

198§ 104, 95. and the Aqueous Silica Phase Diagram in TPAOH Solutions.
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Figure 2. Aqueous silica phase diagram of pH vs total silica concentration, 02 “ 10.6‘ l lI.O l 3i0 I 5i0
with region | containing soluble silica in the form of monomers and q (nm-1)

oligomers and region Il (shaded) containing nanoparticles in equilibrium
with soluble silica. Solid symbols represent the compositions of as- Figure 3. SAXS patterns of as-synthesized S2 sample dissolved &E25
synthesized nanoparticle solutions prior to TPAOH addition. Nanoparticle Symbols are experimental data and the solid lines are ellipsoid form factor
number densityn,, increases from left to right and the particle radius fits (along with hard sphere structure factor) to the intensities. The final
decreases from bottom to top. Open symbols are equilibrium solutions after state, S2, shows only background scattering without any detectable signal
dissolution is complete. Dashed lines with arrows illustrate the changes in from nanoparticles in solution.

S2 solutions from the addition of TPAOH to completion, where the open
square symbol marks the pH at the onset of dissolution.

factor and a hard sphere structure factor to account for
interparticle interactions. Nanoparticle shape was identified
as either an oblate ellipsoid or polydisperse spheres for
compositions studied in this pap€rit-2*Therefore, we use

a uniform ellipsoid form factor to extract the radii for the
a-axis, R,, and b-axis, Ry, of the ellipsoid and report an
effective sphere radiufies, obtained from the ellipsoidal

We discuss nanopatrticle dissolution within the context of
the aqueous silica phase diagram in Figure 2. Upon addition
of silica to basic aqueous solutions, silica self-assembles at
a given concentration (i.e., critical aggregation concentration),
which serves as a boundary between two regi6#s??
Region | is below the solubility limit of silica nanoparticles
and comprises silica monomers and oligomers, whereasvolume Rest = «7 RR,> as a measure of the average change
region Il contains nanoparticles in equilibrium with soluble in particle size. Silica compositions in Table 1 were chosen
silica. Not shown in Figure 2 is a third region, the gelation for two primary reasons: (i) to maintain the dilute limit of
point, which occurs at low pH<{10) and/or at higher silica  structure factor,§(q) = 1, typically observed at high
concentrationsX0.7 M SiQ,).1t nanoparticle volume fractions and/or high pHand (ii)

The number density of nanoparticles increases with higher because they are representative of those used in silicalite-1
concentrations of silic& Particle size is a function of the = seeded growth studi®sand Ostwald ripening experimerits.
solution pH*1twhereby smaller particles form in more basic ~ Figure 3 contains representative SAXS patterns for dis-
solutions. Nanoparticle solutions of varying composition solving nanoparticles. There is excellent agreement between
(Table 1) were used to study the effects of size and numberthe data (open symbols) and the form factor model (solid
density on the rate of dissolution. As-synthesized nanoparticlelines). Nanoparticle number densities were calculated from
compositions are labeled with solid symbols in Figure 2. The SAXS data following the procedure described by Rimer et
addition of TPAOH induces dissolution by raising the pH, al2* The number of nanoparticles remains constant through-
while at the same time slightly lowering the total silica out much of the dissolution process; however, at longer times,
concentration by dilution. Figure 2 illustrates these changesthere is a sudden monotonic increase in the number density
for the S2 solution (dashed lines), where the open square(see the Supporting Information). This change in number
symbol marks the solution composition at the onset of density is most likely associated with either a breakage of
dissolution. As the nanoparticles dissolve over time, they nanoparticles into two or more pieces or contributions to the
release soluble silica. Soluble silica can undergo a series ofscattering intensity from soluble silica (e.g., larger oligomers).
dissociation reactions, which for monomeric species occursKinetic studies of rates of nanoparticle dissolution were
by the following reaction conducted in the time period of constant number density.
All measurements were conducted such that adequate signal-
to-noise ratios are maintained over the course of dissolution.
This was accomplished by selecting compositions that gave
rise to large number densitiess,, and/or particle volumes,

V, because the scattering intensityjs directly related to
these quantities by O nyv2.36:37

) Kin, .
SiO_,(OHY "V —=SiQ(OH),_+ H";i=1,2,3,4 (1)

Thus, the pH decreases over the course of dissolution until
the samples reach their equilibrium state, which is identified
as open circles in Figure 2. The addition of TPAOH to
samples . StS6 .reSUIts n th.e completg dissolution of (35) Nikolakis, V.; Kokkoli, E.; Tirrell, M.; Tsapatsis, M.; Vlachos, D. G.
nanoparticles, with the exception of solution S5. Chem. Mater200Q 12, 845,

3.1.2. Dissolution Rate, Number Density, and Size of (36) Lindner, P.; Zemb, TNeutrons, X-rays, and Light: Scattering Methods
NanoparticlesTime-dependent changes in particle dimension (3, Applied to Soft Condensed Mattdst ed; Elsevier: Amsterdam, 2002.

] A . Glatter, O.; Kratky, O.Small Angle X-ray ScatteringAcademic
were extracted from SAXS intensity curves using a form Press: New York, 1982.
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Figure 4. Dissolution of as-synthesized S4 samples at varying temperature. Plots of (a) the effective radius and (b) the ionic conductivity as a function of
time. Dashed lines are linear regression of experimental data (symbols).

Table 2. Dissolution Rates of As-Synthesized Nanoparticles

= 0214 &, om o

dissolution, 3C°C y - ‘ . ” 2

\ rt/ 107 =

Vio  dRegdd® do/dt® e |m ", (partim’) x s

sample (Y SiQ/(X OH) (nmd)  (nm/min)  (MS cnT!min™1) &’ -<6= - dR_/dt (hm/min) x10 P

S1 3.0 10 —0.017 —013 g =A== - do/dt (mSfcm/min) g

s2 4.4 17 —0.010 -0.20 5 01}, 3

S3 6.7 19 —0.013 —0.22 ° N 8-

S4 8.9 25  —0.013 -0.21 A SN T =

S5 8.9 25 —0.013 —0.19 [a) L c?

S6 8.9 24  —0.012 -0.27 e o 11 2

aThe standard deviation of linear regression is 0.001 nm/Ailine . \ . . . . . <
standard deviation of linear regression is 0.02 mStmin—1. ¢ Rates are 0 2 4 6 8

calculated from the linear regression of three data points Time (hrs)

. . . . Figure 5. Right vertical axis: changes upon heat treatment of S2 samples
The effective spherical radiusRer, (Figure 4a) and  4t70°C over a 7 hperiod. During heat treatment, nanoparticles grow via

ellipsoidal radii,R, and R, (not shown), decrease linearly Ostwald ripening, leading to a decrease in number density (squares) and
with time over the course of dissolution. Linear relationships an increase in the average radius (circles). Number densities were obtained
. . . . _from SAXS absolute intensity measurements following the procedure by
between particle radius and time were also observed duringrimer et ak4 The effective sphere radii are labeled 450" to indicate
dissolution of both silicalite-1 and amorphous silica (see the they serve as initial particle sizes for dissolution studies (open symbols).

; ; ; ; in indi Left vertical axis: summary of dissolution rates vs heating time. Dissolution
Supporting Information). The linear relationship indicates that experiments were performed at 3G in 0.3 M TPAOH, resulting in

naUOP.a.rtide radigs, and CQ”_Sequen“y CUfVat.Urey dq not plaYdecreasing rates for both gRdt (triangles) and a@/dt (diamonds).
a significant role in determining the rates of dissolution (see

Table 2). The rates of nanoparticle dissolution, or slopes observe that the rate of nanoparticle dissolution is indepen-
(dRer/dt) of the curves in Figure 4a, increase with temper- dent of the number density. More interestingly, the rate of
ature. From Arrhenius plots of as-synthesized particle dissolution shows no trend with increasing nanoparticle

dissolution rates over a range of temperatures-@s°C), surface area, only small variations comparable with experi-

an activation energy of 9& 8 kJ/mol (for 7 total measure-  mental error.
ments). Wf,is obtameq ) ) We also studied the dissolution of heat-treated particles,
The ionic conductivityg (mS/cm) also decreases linearly

ith t Fi 4b) and foll trend similar to that of focusing on S2 solutions, those used in previous SAXS
with ime (Figure 4b) an olows a trend simiiar fo that o analyses of heat-treated nanopartiéfed/e conducted dis-
the radius, whereby rates increase with temperature. The

o . solution experiments with samples pre-heated at@Gdor
conductivity is predominantly controlled by the OHon- . exp . amples pre- .

: . o o 2e various times. The right vertical axis of Figure 5 summarizes
centration because of its large ionic mobifity?® The pH

decreases during dissolution via the dissociation of reIeasedr.EESUItS during heat treatment. Heating results in Ostwald

silica monomers (eq 1) and oligomeric species, resulting in gpenlng Wher.fhthﬁ m:.mb?.r densng ?:_: particles (sohcémuare%
a net reduction of solution conductivity. ecreases wi eating ime an e average radius (soli

Table 2 contains the measured dissolution ratégand ?;S[ffg;nczr%azezr(ll .r?é;tki]: I)nltel?\llzgﬂ?hnge?g|:§;i§;?5\bﬂy a
o for samples StS6, which are listed in order of increasing high t'.I P I 9 .It' | ttering i mt ,'t'
initial nanoparticle volumey,—o. Sample compositions span 'gher particie volumes resuft in farger scattering Intensities,

a relatively wide range of nanoparticle number density and helpmgl egt:;g thed-rangfe of vu’;blg n(;easuremeptl. For
size, which are controlled by the total silica concentration éxampie, studies of as-synthesized nanoparticles are

and theY:X SiO;TPAOH molar ratio, respectively. We limited to 10 min at 35°C, whereas heat-treated particles
’ can be studied over the same period at°&0before the

particle size and scattering intensity decrease below the
detection level.

(38) Castellan, G. W.Physical Chemistry 3rd ed; Addison-Wesley:
Reading, MA, 1983.
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Figure 6. Changes in radius upon dissolution of heat-treated S2 solutions .
at various temperatures. Samples were first heated &€ 76r 7 h prior to Time (hr)

dissolution in 0.3 M TPAOH. Experiment&. vs time data (symbols) are

> . > Figure 7. Heat flow curves for S2 samples heat-treated &G €or various
shown along with linear regression (dashed lines).

(labeled) times. Dissolution was performed in an isothermal calorimeter at

- - . 8 °C and 0.3 M TPAOH. The “TPAOH” curve was used to obtain the
Heated nanODamCIeS reach a relatlvely constant size afterﬁeat of dilution 17.3 kJ/mol TPAOH), which was subtracted from all

7 h (solid circles in Figure 5). Dissolutiorf @ h heat-treated  exothermic nanoparticle peaks to obtain the enthalpies of dissolution (see
particles at various temperatures {30 °C) in Figure 6 Table 3).
shows that the dissolution rate is temperature dependent with N ) .
an activation energy of 8& 5 kJ/mol (5 measurements). 3|I|cal!te-1. In.ad.d|t|onAHdis for nanoparticles decreases in
The left vertical axis of Figure 5 summarizes results from Magnitude with increased time of heat treatment.
dissolution experiments. In particular, it compares dissolution
rates of nanoparticles as a function of prior heating time. 4. Structural and Mechanistic Interpretations
Our data indicate thatRig/dt (open circles) andaldt (open Table 4 lists the activation energies of dissolution for
diamonds) decrease the longer the nanoparticles have beegmorphous silica, silicalite-1, and silica nanoparticles (with
heated and thus the more they have been grown. Dissolutiony g without pre-heating), as well as the value for quartz
of 7 h heat-treated nanoparticles results in a rafe{dt; reported by Dove and Rimstiét.Crystalline silicates have
last open cwcle_) that is nearly_ three-times lower than that of 5.tivation energies around 90 kJ/mol, whereas amorphous
the as-synthesized nanoparticles. _ silica is~20 kJ/mol lower. The activation energies for silica
3.2. Dissolution EnthalpiesIsothermal calorimetry was  panoparticles are independent of heat treatment and are equal
used to measure the enthalpies of dissolution for as-ijy magnitude to those of the crystalline silica. This suggests
synthesized and heat-treated S2 nanoparticles and amorphouyg, 5 nanoparticles are more similar to the crystalline poly-
silica (Stdoer particles). Given the fast dissolution rate of morphs than to amorphous silica, and therefore presumably
these silicates at room temperature, solutions were allowedy g not amorphous, but have some degree of order. Ad-
to equilibrate in the calorimeter prior to TPAOH addition. ditional, systematic differences among nanoparticles, sili-

The resulting heat flow curves are shown in Figure 7. cajite-1, and amorphous silica are evident when comparing
Introduction of TPAOH into the nanoparticle solutions results ne rates and the enthalpies of dissolution.

in an initial, sharp peak followed by a second, broad
exotherm that decays over time until particle dissolution is Figure 8 as a function of the initial solution pH. The

complete. As the duration of thermal treatment is increased, gisparity in experimental conditions (e.g., salt concentration
the secondary peaks in the heat flow curves broaden, and, temperature) reported for amorphous silica and dartz
the time needed to reach a steady baseline increasesygeg not allow a direct comparison of rates, and thus Figure
reflecting that lower dissolution rates lead to longer reaction g jjustrates qualitative trends. Two distinct features are

times. The inset of Figure 7. illustrates the decay of the apparent: the sigmoidal shape common to all of the curves,
secondary peaks and the differences among heat-treated the difference in magnitude of rates among silicates.

samples. To understand the trends in dissolution rate, we draw

The enthalpy of silicalite-1 dissolution was measured by ¢y narisons to mechanistic studies of quartz and amorphous
scanning calorimetry (see the Supporting Information), rather silica0-%2 The rate of dissolution has taken on a general
than isothermal calorimetry at room temperature, because

of the slower rates of dissolution. Two experiments were

Dissolution rates for various silica polymorphs are plotted

(39) Heaney, P. J.; Prewitt, C. T.; Gibbs, G.Sdlica: Physical Behaior,

performed with excellent reproducibility, giving an Geochemistry and Materials Applicatignislineralogical Society of
ver nthal 6+ 0.1 kd/mol SiQ. moparison America: Washington, D.C., 1994.

average ent a.py 0#9 6+0 J./ ol SiQ. Compa S.O S (40) Rimstidt, J. D.; Barnes, H. lGeochim. Cosmochim. Acfid8Q 44,

between the dissolution enthalpiestHgs, of nanoparticle, 1683.

silicalite-1, and amorphous silica dissolution are provided (41) Peimenschikov, A.; Leszczynski, J.; Pettersson, L. G.JMPhys.

; . ; . . Chem. A2001, 105, 9528
in Table 3. Dissolution enthalpies of nanoparticles and (42) Criscenti, L. J.. Kubicki, J. D.; Brantley, S. 1. Phys. Chem. 2006

amorphous silica are more exothermic than that of 110,198
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Table 3. Summary of Thermodynamic Data from Silica Dissolution Studies

silicate AHygis (kJ/molSiQ) AHrel 1o silicalite-1 (kJ/molSiQ) A x 10 (m%mol) AHsyr (kJ/MolSiQ)

nanoparticled

Oh —23.1+0.1 13.5£ 0.1 66.3 8.6- 2.6

1h —19.2+0.5 9.6+ 0.5 58.9 724

3h —18.8+0.3 9.2+ 0.3 53.0 6.9-2.1

7h -17.8+0.1 8.2+ 0.1 48.2 6.3-1.9
silicalite-1 —9.6+0.1 0+0.1 0 0
amorphous silica —12.8+0.2 3.2+ 0.2 0.3 0.04t 0.01

aTimes refer to the duration of the S2 sample heat treatment &€70

Table 4. Activation Energies of Silica Dissolution the intermediate species, thus making k[=SiO] the rate

silicate Ea (kJ/mol) expression for dissolution.
amorphous silica 68+ 4 Trends in Figure 8 are generally consistent with this
nanoparticle (as-synthesizéd) 90+8 mechanism. The negatively charged surface spegisg),
nanoparticle (heate#l) 88+5 . . .
silicalite-19 83+ 4 controls the rate of dissolution. At low pH, very few silanol
quart2 86 groups on the silicate surface are dissociated, and low rates

are observed. As the pH is raised, the concentration of
negative sites increases, until very high pH is reached where

- the =SiO~ concentration is nearly constant because of
« Amorphous Sica saturation of the surface sites. The result is the characteristic

e mmmmmm i 002 sigmoidal shape for amorphous silica, silicalite-1, and quartz,
which reach steady rates around pH 7, 12, and 14, respec-
'II oot Ell\lhi?nopanit:les t|Ve|y

i o Leaing Tmes A clear trend emerges from these studies, namely the
magnitudes of dissolution rates increase in the order: quartz

Jhr
7 hr

"‘ ' ‘000 ¢ Silcaite-1 < TPA—silicalite-1 < amorphous silica. Dissolution rate,
! ' unlike activation energy, varies with silica structure, such
! ! that differences among crystalline materials, i.e., quartz and
, ' . : silicalite-1, are easily discernible. It is not clear whether one
| /l,.-"'ouartz could use these differences to distinguish zeolite framework
e types. It is possible, though, to infer whether a material is
2‘ ' 6 ‘ 1‘0 ‘ 1‘4 more amorphous or more ordered from the magnitude of
pH dR/dt.
=0 Nanopatrticle dissolution over a wide range of pH was not

Figure 8. Dissolution rate vs initial pH for various silicates. Qualitative tested because solutions gel at lower alkalinity. however

trends for quartz and amorphous silica were taken from Dove and Rirffstidt, - . . .
whereas the experimental results for silicalite-1 are included in Supporting dissolution rates above pH 11 are constant. The dissolution

Information. The inset contains a direct comparison of dissolutions rates rate of as-synthesized nanoparticle lies between that of
(nm/min) for heat-treated S2 nanoparticles, amorphous silica, and silicalite-1 o aalita 1 (i -
at 30°C and 0.3 M TPAOH (i.e., pHo = 13.5). gmorphous silica and silicalite-1 (inset of F|gure 8). Thus,

it is reasonable to conclude that the nanoparticles possess

form, r = YkC, where k are rate constants and the some degree of order, but not the crystalline framework of

concentrations, C refer to surface speciessSiOH and MFI-type zeolite. In addition, nanoparticle dissolution rate
=SiO .4 It has been proposed that at high pH the concentra- decreases with heat treatment, which according to Figure 8,
tion of =SiO~ controls the rate of dissolution. Xiao and suggests that heat-treated particles become more zeolite-like

Lasagé® reported arab initio study of a silicic acid dimer  in structure.

(SiO7He) in which they proposed a detailed mechanism for  Structural reorganization of silica nanoparticles during
hydrolysis of S+O—Si bonds heating explains recent observations by Rimer et*alho
reported that nanoparticle growth by Ostwald ripening is

Si,O(OH); + OH — Si,0,(OH); + H,0— accompanied by a change in the composition of the nano-

(SLO(OH),”)* — Si(OH), + Si(OH),0™ (2) particle toward that of silicalite-1 (i.e., an increase in both
the neutron scattering length density and the molar ratio of

The mechanism involves the dissociation o=8iO—H TPAT/SIO; in the particle core). Also, Tsapatsis and co-
bond, followed by the nucleophilic attack of@ to the Si* workers® reported that nanoparticles aged at room temper-
atom to form a fivefold coordinated silica intermediate, ature for months exhibit changes in their colloidal stability

(Si,O(OH),")*, which subsequently leads to the breakage (and possibly their internal structure). In particular, atomic
of the =Si—O—Si= bond. From these studies, it was force microscopy (AFM) measurements showed that aged

concluded that the rate-determining step is the formation of Particles have a greater affinity to attach to mica surfaces,

a See the Supporting InformatiohS2 solution ¢ S2 solution (heat treated
at 70°C for 7 h).d See the Supporting InformatiohSee ref 39.

)
5
=2
=3
¢
e
-~

~

* 29

Dissolution Rate (a.u.)

(45) Davis, T. M.; Drews, T. O.; Ramanan, H.; He, C.; Dong, J. S;
Schnablegger, H.; Katsoulakis, M. A.; Kokkoli, E.; McCormick, A.

Acta 1994 58, 541.
(44) Xiao, Y. T.; Lasaga, A. GGeochim. Cosmochim. Ac1®96 60, 2283. V.; Penn, R. L.; Tsapatsis, MNat. Mater.200§ 5, 400.

(43) Berger, G.; Cadore, E.; Schott, J.; Dove, P.®éochim. Cosmochim.
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an indication that changes occur within the particle, possibly
because of structural reorganization and/or modifications to
the surface silanol groups.

Heats of nanoparticle dissolution in Table 3 show trends
similar to those of dissolution rates; the enthalpy, initially
more exothermic than that of silicalite-1, changes with
increased heating time to approach that of silicalite-1. Thus,
thermodynamic and kinetic data both show shifts toward
values characteristic of silicalite-1 over the course of Ostwald
ripening.

Nanoparticle growth is accompanied by a reduction in
specific surface aréhand hence a decreased surface energy
contribution to the enthalpy and free energy. Analyses of
zeolited® have shown that with increasing particle volume,

the internal surface of channels and pores becomes dominant

relative to the external surface area such that zeolite
enthalpies of formation are independent of the particle size.

For the smaller nanoparticles studied here, the surface energi

contribution is significant and determined by an enthalpic
term, AHgy, that is proportional to the surface ar@aas
follows

AHsurZ Ar.E,ur (3)
wherehg, is the surface enthalpy (Jfin

The overall energetics of nanoparticle dissolution is
governed by the enthalpy term in the total free energy and
the entropic contribution due to cation exchange between
the particles and solutioif.On the other hand, the stability

Rimer et al.
154 )
®  nanoparticles
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o silicalite-1 I2.4 kJ/mol
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Figure 9. Dissolution enthalpies relative to silicalite-1 as a function of
specific (external) surface area. The solid line is a linear fit between
ilicalite-1 and heat-treated S2 nanoparticles (1, 3, and 7 h) with a resulting
lope of 0.174 0.01 J/m. The dashed line is a linear fit with slope 0.16
J/In? connecting as-synthesized nanoparticles and amorphous silica.

Formation enthalpies are given in Table 3 and plotted in
Figure 9 as a function of (external) surface area. Previous
studies have shown that plots of enthalpies of formation
versus surface area for mesoporous silicas and zeolites follow
linear trends with slopes of 0.1 0.01 J/nd 3#8and 0.09
+ 0.01 J/nd3 respectively. Specific surface areas of
amorphous silica and silicalite-1 in this study are effectively
zero given their larger particle size. Over the course of heat

of nanoparticles relative to a coarse solid sample is dominatedtreatment, the total surface area of nanoparticles decreases
by the enthalpy term in the free energy, because, as in thefrom right to left as in Figure 9.

case of oxide nanoparticlésthe surface entropy term is
probably small. Therefore, the thermodynamic driving force

A line is drawn in Figure 9 between amorphous silica and
as-synthesized nanopatrticles, yielding a slope of &1601

for nanoparticle dissolution can be assessed by monitoring /i, which is similar to the surface energy of mesoporous

the enthalpy of formationH,e) relative to the bulk material,
silicalite-1, as a function of particle size (i.e., surface area).
AHy is calculated by taking the difference between dissolu-
tion enthalpies of a given sample and that of silicalite-1 (see
Table 3). The specific surface ar@a(m?mol) is derived
from the particle size using a simple geometrical model of
spherical particles

_3m,
P Regt

whereM,, is the molecular weight (g/mol) is the density

(1.7 g/n¥)?* andRert is the effective spherical particle radius

(m). Using eqgs 3 and 4, the surface contribution to the
enthalpy relative to bulk silicalite-1 is

A

(4)

3M,,
sur: p Reffhsur
Comparisons oAHg, to AH,e in Table 3 show that surface

area contributes 6880% of the total enthalpy of nanoparticle
dissolution.

AH (5)

(46) Li, Q. H.; Yang, S.Y.; Navrotsky, AMicroporous Mesoporous Mater.
2003 65, 137.

(47) Levchenko, A. A; Li, G. S.; Boerio-Goates, J.; Woodfield, B. F.;
Navrotsky, A.Chem. Mater2006 18, 6324.

silica. Fitting a line between silicalite-1 and the three data
points of heat-treated nanoparticles gives an essentially
identical slope of 0.12 0.01 J/n3, but a value that is nearly
twice the surface enthalpy of zeolites obtained from
Navrotsky3! The latter is further indication that heat-treated
particles are structurally closer to amorphous silica and
mesoporous phases with disordered frameworks than to
crystalline zeolites.

Silica nanopatrticles are metastable with respect to silicalite-
123 In accordance with the Ostwald step rélesilica
nanoparticles slowly transform into more stable structures
with heat treatment, while exhibiting an exothermic enthalpy
of dissolution that decreases in magnitude. This is evident
both from thermodynamic (Figure 9) and structural measure-
ments (Figure 5). From the data in Figure 9, it is clear that
most changes in enthalpy occur within the first hour of
heating. Subsequent heating results in similar enthalpies of
dissolution (within experimental error) for the samples. This
is similar to what is observed in changes in particle size.
For instance, Figure 5 shows that the particles initially grow
quite fast and then change very little in diameter at later
times.

(48) Trofymluk, O.; Levchenko, A. A.; Tolbert, S. H.; Navrotsky, Bhem.
Mater. 2005 17, 3772.
(49) Navrotsky, A.Proc. Natl. Acad. Sci. U.S.£2004 101, 12096.
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Dissolution studies are indirect indicators of nanoparticle whereas nanoparticle dissolution is on the ordet am/
structure. They do not identify changes in the local con- min (at pH 12 and 8CC). Given the mass and number
nectivity of silicon—oxygen bonds within the particle (as can densities of nanoparticles (1.7 g/&rm0' particles/crd) and
be done in?*Si NMR studies), nor do they identify long- silicalite-1 (2.0 g/crd, 10 particles/crd),>? there is ap-
range ordering of silicalite-1 framework moieties. However, proximately 4000 g/min of silica released during nanopatrticle
dissolution offers a means of identifying trends, namely, that dissolution compared to the 30 g/min (or less) consumed
nanoparticles grown by Ostwald ripening exhibit increased during silicalite-1 seeded growth (per 22mf solution for
thermal stability and modified structure toward a more spherical particles with radii of 1.8 and 100 nm, respectively).
connected material. Thus, nanoparticle dissolution (path M in Figure 1b) is

This study did not monitor the changes in water or organic not rate limiting in the case of a monomer addition growth
content of the particles during heating. Nor did we study mechanism. In the context of a nanoparticle addition model,
the distribution of water and organics in the particles, our experiments do not measure the kinetics of rearrangement
although earlier studies suggested an initial ecleell (i.e., path N2 in Figure 1b), but it is likely that this process
structure that evolves, with heating, into a more uniform is fast relative to nanoparticle addition (path N1).
zeolite with organic molecules in the chann¥l&Thus, the
effects of these chemical changes on dissolution rates and 5. Conclusions
on enthalpies could not be separated from the effects of

changes in particle size and framework organization. Rather, _We have CO’_“pare?d the _k|net|cs and thermody_nam|_c_s of
§I|Ica nanoparticle dissolution to those of crystalline silica

the trends we see are the result of all these processes actin | h h " d silicalite-1. and h
together. We can conclude that as the particles become mor Olymorpns, such as quariz and stiicafite-1, and amorphous
silica. Dissolution enthalpies and rates offer an indirect

zeolite-like in enthalpy, their dissolution rates decrease. An method of probing the structure of silica nanoparticl
important conclusion from our observations is that the initial €thod of probing the structure o stica nanoparticies, as
well as their structural evolution during heat treatment. The

nanoparticles are not simply small pieces of fully formed data stronal t that nthesized nanoparticl ;
silicalite-1 structure but are more disordered, although distinct ata strongly suggest that as-syninesized nanoparticies are
noncrystalline, and that over the course of heating, nano-

from amorphous silica (i.e., only partly connected with water : o . o .
P ( y partly particles exhibit an internal reorganization toward a material

in their silica core). that lite-like in struct It that litativel
From the dissolution results presented in this paper, it is atis more zeolite-iike In structure, a resutt that quaitatively
fagrees with previously reported compositional changes in

strongly suggested that nanoparticles do not possess the MFth ticle. Dat rted h istent with i
framework of silicalite-1, and as such must undergo rear- € hanoparticie. bata reported here are consistent with recen
experiment® revealing the potential role of solution-

rangement upon addition to a growing zeolite surf&éé. . . R,
9 P 9 g mediated (i.e., monomer-based) processes in silicalite-1

Therefore, silicalite-1 crystallization occurs by one (or both) crystallization, thus highlighting the importance of consider-

of mechanisms (1) and (2) discussed in the caption of Figure. . ST
1b, and not mechanism (3). ing these processes as equally viable pathways in silicalite-1

Results from this study also identify relevant time scales syntheses. These dissolution studies identify key rates in

and rate-determining steps involved in the growth mecha- various mechanistic steps of silicalite-1 growth that are
nisms listed in Figure 1b. If one is to accurately predict essenu_al fpr future development of predictive models of
zeolite growth, both the forward (growth) and backward crystallization.

(dissolution) steps must be considered, because the overall
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are presented here over a range of reaction conditions. Most

striking, though, is a comparison between the rates of Supporting Information Available: Dissolution of amorphous
nanoparticle dissolution and silicalite-1 growthKinetic silica and silicalite-1 with radius vs time plots at varying temperature
studies of silica growtt§:355354give activation energies of and pH along with the corresponding Arrhenius plots, SAXS
~ 90 kJ/mol with rates (@/dt) that are at least 1550 times analyses of as-synthesized nanoparticles with plots of number
less than those of nanoparticle dissolution (depending on thedensity and radii vs time, and the heat curve for the analysis of
degree of heat treatment). In addition, the growth rate of silicalite-1 dissolution by calorimetry (PDF). This material is
silicalite-1 varies between ¥ 10-2 and 1x 10-% nm/min available free of charge via the Internet at http://pubs.acs.org.
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