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Mechanism of Dissolution of Neutral Silica Surfaces: Including Effect of Self-Healing
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The common empirical idea that the dissolution of silica is controlled by the hydrolysis of the fir&t-Ssi

bond of Si surface species is checked against experimental activation energies by DFT (B3LYP) calculations
using a polarized continuum model. The calculated energy barrier for the hydrolysis-e0a-Sii bridge of

a double-linked Si atom gf-cristobalite at the watersilica interface (29 kcal/mol) comes out to be higher

than the measured activation energy of silica dissolution at the point of zero net proton charge of the surface
(PZPC) by at least 7 kcal/mol. This discrepancy is significantly outside the estimated error bars of the
calculations. Therefore, we propose a new mechanism, which is based on the assumption that the breakage
of the first S-O—Si bond is followed by the very fast reverse reaction of dehydroxylation of the formed
Si—OH HO-Si defect. Because of this “self-healing” effect, the probability of bothGSi bonds of the
double-linked Si atoms being dissociated is very low, which explains the very small rate of dissolution of
silica at PZPC. This mechanism also allows us to interpret the experimental fact that the preexponential
factor of the reaction is extremely small. Within the new mechanism, the measured activation energy is
associated with the hydrolysis of the last-8—Si bond of the Si atoms. Unlike the first-SO—Si bond, the
hydrolysis of the last bond is not hindered by the lattice resistance, which leads the theoretical activation
energy (20 kcal/mol) to be in good agreement with experiment.

Introduction can take this range of experimental values as reference data
when studying the reaction mechanism with theoretical methods.

Recently we performed DFT calculations of the-8i—Si
@ydrolysis at the (001) and (111) planes/s€ristobalite by a
single water attack from the gas pha3dés distinct from the
previous quantum chemical studies of the reactuH,our
models included the steric constraints imposed by the solid
matrix on the Si-O—Si linkage and its nearest surroundings.
These calculations showed that the energy barkigy for the
dissociation of a S+tO—Si bond at a Si atom strongly depends
on the connectivity of this atom to the solid; the estimated
energies for the double-, triple-, and quadruple-linked Si species
were 23, 33, and 49 kcal/mol, respectively. This effect is caused
py the resistance of the lattice to the relaxation of the activated
complex of the reaction: the larger the number of GiSi
bonds for a Si atom, the stronger the resistance of the solid to
the hydrolysis of a StO—Si bond. Because of this effect, the
this condition, the contribution of the charged surface species dissolution should be dominated by the release of the Si atoms
Si—O~ and Si-OH," to the reaction can be neglected, and the Wlth the. lowest connectivity. T'h.erefore, excludmg th.e case of
water molecules adjacent to the surface can be considered agissolution of freshly ground silica powders with a significant

The weathering and dissolution of the earth’s crust silicate
minerals have raised significant intefestbecause of the
substantial increase in the rate of these processes during th
past decades. This change in the geochemical equilibrium is
mainly associated with the global acidificatighcaused by
human activities. The fundamental mechanisms affecting the
rate of dissolution of silicates should be understood for pre-
dicting the effects of these environmental changes.

It is commonly assuméd® that the hydrolysis of StO—Si
linkages is the key elementary step controlling the rate of silica
dissolution. Although, in general, this hydrolysis depends on
many chemical factors (pH, salt concentration, the nature of
alkali cations, etc.), one particular case appears to be the mos
simple and appropriate for getting insight into the reaction
mechanism with quantum chemical methods. This is the
dissolution of silica at pH- 3 corresponding to PZPTUnder

the primary reagents for the reaction of breakage 6fCStSi concentration of surface defecfsi*the release of the double-
bridges® linked Si atoms should mainly contribute to the experimental
reaction rate. In line with the common assumpfiam the basis
Si~0—Si + H,0— Si—OH HO-Si (1) of these results one could also suggest that the dissociation of

the first S-=O—Si bridge of these Si atoms should be the rate-
determining step of the reaction.

In this work, we calculate the energy barrier for the
dissociation of a first StO—Si bond of a double-linked Si atom
*To whom correspondence should be addressed. pf p-cristobalite for t_he case of the uncharg.ed selidjuid
* Department of Physics, Stockholm University. interface corresponding to PZPC. The calculations are performed
* Jackson State University. at the DFT level within the approximation of a polarized
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According to experimental studies, the activation energy for this
reaction should be within the &2 kcal/mol rangé-1° One
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continuum model. The energy barrier (29 kcal/mol) turns out Ho H1

to be larger than the observed activation energy by at least 7 e
kcal/mpl. Qur examlnqtlon of t.he theoretical accuracy sugggsts D o2 o \ /0’012
that this discrepancy is considerably larger than the possible 0\ \ -y

error of calculations. Therefore, we conclude that the hydrolysis & Si Si1 -Q

of the first S-=O—Si bond of the Si species does not directly d ' h p/ 6

control the reaction rate and propose a new mechanism of silica

dissolution. This mechanism is based on the assumption of the (a) (b)

importance of the “self-healing” effect in the dissolution kinetics,

namely, the very fast reverse reaction of dehydroxylation of Figure 1. Si(OH) (a) and the activated complex of the hydrolysis of

the Si-OH HO-Si surface defects formed by reaction 1 one of its Si-O bond (b).
i— —Sj— Si—0—Si TABLE 1: Activation Energy, AEq, of the SO
SOH + HO=SI— S-0-Si+ H,0 2) Dissociation for Si(OH), (kcal/mol)

In these defects, the connectivity of the-8)H groups to the method AES
lattice forces them to remain nearest neighbors, which leads to B3LYP/6-31G(d) 17.1 (15.4)
a high probability of reaction 2. This is analogous to the so- B3LYP/A 18.6 (16.9)
called cage effect for chemical reactions in solutions and dense '\BﬂgLZ\/(é///g&YP/A (g-f)(l? 3
media. The significance of the self-healing effect for the kinetics B3LYP/C 103 (17-.4)

of dissolution o =Si—O—T= (T = Si and Al) bridges has been
discussed earlier for the hydrothermal chemistry of zeolfé%. ®Basis sets A, B, and C: the 6-31G(d) basis set on Si and the
The inclusion of the self-healing effect allows us not only to 6-311G(d,p) (A), the £311(df,p) (B), and the 6-311G(2df,pd) (C) basis
reach good agreement between the measured and theoreticaiets on O and H AEq4 without zero-point correction in parentheses.
activation energies but also to explain some important peculiari-

ties of the dissolution kinetics ing vibrations of the G-H-+-O units involved in these motioff$

and three librational vibrations (470, 550, and 775 &r#):
Details of Calculations
DFT and MP2 calculations were performed with the Gauss- E;o(H;0) = 0.5o(3 x 11072+ 470+ 550+ 780)=

ian-94 packagé’ For the DFT calculations the hybrid B3LYP 2.7 keal/mol (4)

functional® was employed which is a parametrized combination . .
of the Becke exchange functioridithe Lee, Yang, and Parr whereh is the Planck constant ards the speed of light. The

correlation functional? and the exact HartreeFock exchange. ~ €Nergy corresponding to the translational vibrations is divided
The standard 6-31G(d), 6-311G(d,p), 6-311G(df,p), and 6-311G- by_2 assuming that each of these vibrations is shared by two
(2df,pd) basis sets were used. Corrections for the basis set"€ighboring molecules.
superposition error (BSSE) were estimated by the counterpoise
method?! Only a few relevant geometry parameters of the
optimized cluster models are reported. The remaining geometry The previous calculations of the reactt®# 3were carried
can be obtained from the authors upon request. out with the 6-31G(d) basis set. However, the use of the same
The f-cristobalite surface was modeled within the cluster basis set for Si and O might result in a BSSE: the electrons on
approactt?23 As is commonly accepted for silica and silica- the negatively charged O atoms may tend to use the basis
containing oxided223the “dangling” valences of the border Si  functions available on Si atoms to decrease their en&rgp.
atoms were saturated with H atoms. To mimic the structural examine this BSSE we calculated the dissolution of aCPi
restrictions imposed by the lattice, the position of the border bond of the Si(OH) molecule (Figure 1) at the B3LYP level
SiHs groups were kept fixed in the geometry optimization. These using the 6-31G(d) basis set and three combined basis sets A,
positions were determined by the procedure described in refB, and C with the 6-31G(d) basis set for Si and the 6-311G-
12. (d,p) (A), the 6-311G(df,p) (B), and the 6-311G(2df,pd) (C)
The solvent effect was included with a self-consistent basis sets for H and O. The activation energy was computed
isodensity polarized continuum model (SCIPCM) by means of also at the MP2/A//B3LYP/A level. The calculated energies
the Gaussian-94 SCRFSCIPCM option'® These calculations  suggest (Table 1) that neither a further extension of the basis
were carried out without geometry optimization using the set on O atoms nor another method of inclusion of electron
geometry optimized for the corresponding selghs models. correlation should affect the B3LYP/A results significantly.
Because our cluster models are not fully optimized, they Therefore, in the following consideration, we use the B3LYP
cannot be used for estimating zero-point corrections to the method with basis set A.
activation energies of the SD—Si dissolution and the Si Table 2 lists the calculated activation and reaction energies
OH HO-Si dehydroxylation. In line with previous theoretical for the dissociation of the Si(20-Si(3) bond (2 and 3
studies of the reactiol;'3we assume these corrections to be designate the number of SD—Si linkages to the surface) at
approximately equal to the corresponding values for the the Si(2) atom by a single water attack from the gas phase

Results and Discussion

analogous gas-phase reaction: (Figure 2). The models of the surfade), the activated complex
. . (2a), and the Si-OH HO—Si defect 8a) were fully optimized
(HO),SIOSIi(OH), + H,O0 = except the positions of the border Sigroups, which are used

[(HO);SiOSi(OH)*H,Oliansition state= 2Si(OH), (3) to ensure the structural restrictions imposed by the lattice. The
calculated energy barrier equals 25 kcal/mol. The corresponding
When including the zero-point energyef) for the HO values for the (HO)SIOSi(OH} molecule (Figure 3) are also
molecule in water, we also consider three restricted translationalpresented in Table 2 for comparison. Table 3 reports selected
vibrations (110 cm! as the average of the stretching and bend- bond lengths and bond angles of the models.



9530 J. Phys. Chem. A, Vol. 105, No. 41, 2001 Pelmenschikov et al.

TABLE 2: Activation Energies? of Dissociation, AEq4, and 012
Healing, AEy, of the Si-O—Si Bridge (kcal/mol)°
AEy AE;,
Sit Si2
gas water gas water
model phase (e=78) phase (e=78)
(HO)sSiOSi(OH) 17.5 20.5 13.3 19.1 (a)
la 24.9 28.6 26.3 28.6
2a 18.0 19.9
a Zero-point correctec? Basis set A: the 6-31G(d) basis set on Si Ow
and the 6-311G(d,p) basis set on O and H. H2

(b)

Figure 3. (HOsSIOSi(OH) (a) and the activated complex of the
hydrolysis of its Si-O—Si bridge (b).

the number of H-bonds formed by the subsystemGiSi +

H,O with the surrounding water. Because in the activated
complex the lone pairs of the attacking® molecule are
pointed out of the near-surface water, the reaction requires the
breakage of the corresponding H-bonds of this molecule. This
explanation suggests the estimated value of the solvent effect
be physically reasonable. To note, simplified procedures of
inclusion of the solver? led to a similar increase of the energy
barrier by 6-7 kcal/mol.

The resulting estimated barrier of 29 kcal/mol overestimates
the experimental activation energy by at least 7 kcal/mol. No
improvement of the basis set or the treatment of dynamical
correlation should change this result (see the examination of
the stability of calculated energies above). Therefore, we
conclude that the experimental energy does not directly relate
to the hydrolysis of the first SiO—Si bond. Below we propose
a new mechanism of the reaction.

The rate constants for the hydrolysis and the reverse reaction
of healing of a Si(2)O—Si(3) surface bridge

Si(2)-0—Si(3) + Hzo% Si(1)-OH HO-Si(2) (5)

can be expressed as
ky(2) = v4 exp{ —~AE4(2)KT} 6)
k(1) = v4(1) exd —AE(1)KT} (7

wherevy is the preexponential factor for the water attack onto
) _ _ o a S—0-Si bridge which is considered to be independent of
Figure 2. Cluster models of a siloxane bridgéd], the activation  the connectivity,vy(1) is the preexponential factor for the

complex of its hydrolysisda), and the hydrolyzed state of this bridge reaction of healingAE«(2) andAEx(1) are the corresponding

(3a) at the (111)3-cristobalite surface. For all models, the position of . . s .

the border SiH groups is identical and fixed modeling the structural energy be_‘mers' In the SIOH HO-Si d(:_"feCt' the remaining
constraints imposed by the lattice. In model atom Sil represents ~ CONNectivity of the Si atoms to the lattice forces the-GH

the double-linked species Si(2). groups to be nearest neighbors perfectly arranged for the reverse

reaction of dehydroxylation. Therefore, we can takgl) to
The inclusion of the solvent with the SCIPCM method approximately equal the characteristic frequency of atomic
increases the activation energy by 4 kcal/mol. This value results vibrations of the latticé
from the effect of the solvent on the “frozen nuclei” activation

energy (6.4 kcal/mol) and the zero-point correction to the v(1) ~ 10%s™t (8)
activation energy due to the restricted translational and libra-
tional vibrations of the KD molecule in water<2.7 kcal/mol), In terms of the collision theory of chemical reactiéhs

which is not included when considering the setiglas reaction.
The effect of the solvent has been interpréfédin terms of vg=PZ 9)



Mechanism of Dissolution of Neutral Silica Surfaces

TABLE 3: Selected Geometry Parameters (Bond Lengths in Ang
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stroms and Bond Angles in Degrees)

model Sit-012 Si2-012 Sit-Ow 012-H1 O,—H1 Ou—H2 Si1-012-Si2
1a 1.63 1.63 153

2a 1.84 1.67 1.89 1.09 1.38 0.96 146
3a 1.64 1.67 0.98 0.97

1b 1.64 1.64 149

2b 1.86 1.69 1.90 1.31 1.13 0.97 143
Si(OH), 1.65

Si(OH)+H.0 1.90 1.86 1.33 1.12

(HO):SiOSi(OH) 1.65 1.65 137
(HO):SiOSi(OH)H,0 1.95 1.64 1.82 1.26 1.16 0.96 129

whereP is the steric factor and, is the frequency of water
attacks onto the SiO—Si bridge. Each of these attacks is
associated with the jump of a nearby® molecule from the
near-surface water toward the hydrophobie-SSi bridge.
Therefore, we can assuragto be equal to the intermolecular
vibrational frequency of bulk watét
z,~10%s™* (10)

BecauseAE4(2) = AEx(1) (Table 2) andP is normally found
to be several orders of magnitude smaller thal we have
from egs 6-10 that

ky(2)ky(1) ~10'P <1 (11)
and we obtairky(2) several orders of magnitude smaller than
kn(1).

For (1) = 1/ky andzy(2) = 1/ky, which are the characteristic
lifetimes of the Si(1)-OH HO—Si(3) defect and the Si(2)0O-
Si(3) bridge, respectively, this means that

7(1) < 74(2) (12)
Inequality 12 represents a mathematical expression of the
healing effect, implying that the healing immediately follows
the dissolution with a very high probability.

Assuming that the rate-limiting step for the release of Si(2)
species is the breakage of the last 6Si bond (the diffusion
of Si(OH), away from the surface should be much faSjer
the reaction rate is given by

k=ky1)p (13)

where
ki(1) = vy exp{ —AE,(1)KT}
is the rate constant for the dissociation of the-SiSi bond

of single-connected Si(1) atonSE4(1) being the related energy
barrier, and

(14)

p = 27,(1)/(z(1) + 74(2)) = 7(1)/74(2) =
ki(2)ky(1) <1 (15)

is the probability for one of two SiO—Si bonds of a Si(2)
atom to be hydrolyzed.

When using modeldb and 2b (Figure 4, for the solid-
liquid interface,AE4(1) equals 20 kcal/molAE4(1) is smaller
than AE4(2) because the hydrolysis at the Si(1) atoms is not
hindered by the lattice. Finally, from egs 11 and-1% we
have for the appearing activation enerfy, of the reaction

AE, = AE(1) + AE42) — AE,(1) = 20 kcal/mol ~ (16)

which is in good agreement with experiment.

Figure 4. Cluster models of a SiO—Si(OH); surface bridge Xb)

and the activation complex of its hydrolysigh) at the (111)3-cris-
tobalite surface. For both models, the position of the bordes &ibLips

is identical and fixed modeling the structural constrains imposed by
the lattice. In modelb, atom Sil represents the single-linked species
Si(2).

Summarizing, we propose that the release of the double-linked
Si species follows the reaction scheme
+H,0
—H,0O

+H,0
Si(2)-OH HO—Si(1)——
Si(2)~OH + Si(OH), (17)

Si(3)-0-Si(2)

Within this mechanism, the reaction rate is actually related to
the release of the single-linked Si(1) species. Because, due to
the self-healing effect, the dynamical equilibrium between the
Si(3)—0—Si(2) bridges and the Si(2OH HO-Si(1) defects
(reaction 5) is strongly shifted to the left, the concentration of
the Si(1) is very small. This explains why, despite the relatively
small activation energy, silica samples may remain stable in
dissolution experiments over geological tiniés.

The new mechanism is also able to explain two interesting
experimental facts. These facts and their explanation within the
proposed mechanism are as follows:
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1. At hydrothermal conditions, extremely rapid oxygen dissolution of this bond is not hindered by the lattice resistafce,
interchange takes place between the@Gi-Si bridges of zeolites  the theoretical activation energy is in good agreement with
and H0O:18.27.28 experiment.

Because of the effect of self-healing of the-8H HO—Si

. . 18 . 8 defects, the probability for all SiO—Si bonds being dissociated
Si=0~Si+ H,0" — Si-OH HO"-Si —~ is very low. This explains why the dissolution of silica at the
Si—0%-Sj+ H,O (18) point of zero net proton charge of the surface is so slow. Within
the proposed mechanism, the significant increase of the dis-
solution rate at high pH is accounted for by the suppression of
the healing effect by deprotonation of the-8IH HO-Si
‘defects.

Although the breakage of the-SD—Si bonds is very fast, the
zeolite lattice remains unchanged at these conditions for years
This means that the probability for severat-8—Si bonds at

a Si atom being hydrolyzed is practically excluded. The self- Acknowledgment. This work was sponsored by DoD-
healing effect appears to be the only plausible explanation of EPSCOR Grant DAAG 55-98-1-0247.
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