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Abstract This article presents theoretical advances in

computational modeling of dissolution at mineral–water

interfaces with specific emphasis on silicates. Two differ-

ent Monte Carlo methods have been developed that target

equilibrium properties and kinetics in silicate–water dis-

solution. The equilibrium properties are explored using the

combined reactive Monte Carlo and configurational bias

Monte Carlo (RxMC-CBMC) method. The new RxMC-

CBMC method is designed to affordably simulate the

three-dimensional structure of the mineral with explicit

water molecules. The kinetics of the overall dissolution

process is studied using a stochastic kinetic Monte Carlo

method that utilizes rate constants obtained from accurate

ab initio calculations. Both these methods provide impor-

tant complementary perspective of the complex dynamics

involving chemical and physical interactions at the min-

eral–water interface. The results are compared to experi-

mental and previous computational data available in the

literature.
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1 Introduction

The chemistry at the mineral–water interfaces plays a

significant role in shaping the Earth’s surface through

intricate processes such as corrosion, dissolution, and

precipitation. Besides the inherent nature of the mineral,

the dissolution process is further influenced by external

factors such as temperature, pH, leaching of metal ions,

organic matter, and biological activity [1–6]. Among all the

minerals, silica is highly significant because the Earth’s

crust is predominantly siliceous and constantly interacts

with water. Although numerous experimental investiga-

tions [1, 2, 6–37] of various processes at silicate–water

interfaces have been done, there is a growing interest

in developing computational approaches [38–50] for

these processes because silicate dissolution/precipitation

reactions are kinetically slow and occur on geological

timescales. Consequently, experimental investigations at

meaningful timescales are intractable, thus development of

computational modeling techniques that can span large

timescales can potentially provide insight into interfacial

dissolution chemistry.

In the past two decades, computational methods have

evolved from isolated small clusters calculations to long-

range systems representing the bulk mineral [44, 51–55].

Each study, however, primarily focuses on only one or two

aspects of the interfacial chemistry. These studies are

promising but have not yet unraveled all the aspects of

silicate-water interaction. The primary challenge is to

design efficient computational methods that integrate the

atomistic detail that is present in, for example, electronic

structure calculations with overall dynamics that bridge to

the extended time scales. We have attempted to provide

solutions to this challenge by building on positive aspects

of some of the existing computational methods and

avoiding their limitations. Before continuing with the new

methodology, a brief background of the existing methods

that provide the foundation for the new developments

along with their limitations will be presented. We focus on

a few popular computational approaches as an introduction

S. Nangia (&) � B. J. Garrison

Department of Chemistry, The Pennsylvania State University,

104 Chemistry Building, University Park, PA 16802, USA

e-mail: snangia@syr.edu

123

Theor Chem Acc (2010) 127:271–284

DOI 10.1007/s00214-010-0770-2



to the present theoretical development in this field. The

methods include ab initio cluster calculations, molecular

dynamics simulations using a reactive potential energy

function, and stochastic kinetic Monte Carlo.

The ab initio dissolution studies of silicates were pio-

neered by Lasaga and coworkers about two decades ago

using the Hartree–Fock method and a small basis set for

small silicate clusters [51–54]. Since then, several new

density functional methods and larger basis set calculations

have been used to calculate the barrier heights of dissolu-

tion reactions [56]. Pelmenschikov et al. [41] used ab initio

calculations to study dissolution reactions in b-cristobalite

and proposed that dissolution occurs preferentially from

less coordinated surface sites. Another study by Cristenti

et al. used a protonated silicate cluster to show that dis-

solution at low pH range has lower barrier height than the

neutral case [57]. Useful ab initio methods are limited to

small-sized systems with only a few atoms, because the

computational cost becomes prohibitively expensive for

larger systems. The need to simulate larger systems led to

the development of reactive potential energy surfaces for

use in molecular dynamics methods.

A reactive multi-body potential energy function for

silicate-water system was pioneered by Fueston and

Garofalini (FG) [58]. This FG potential energy function

has been modified for several applications over the years

[38, 58–67]. Besides describing the inter- and intrasurface

interactions at the interface, the FG potential energy

function describes bond-breaking and bond-making pro-

cesses, essential for sampling reactive events. Recently, a

new FG potential energy function has been developed to

describe dissociative chemisorptions of water on silica

surface in presence of hydronium ions [67]. The FG

potential energy function energy has been reported in detail

previously and is not repeated here [49]. The MD simula-

tions using the FG potential have shown that hydrolysis

of Si–O–Si bond in silicates occurs by using a single

water molecule through a pentacoordinated Si intermediate

[68].

Other MD simulations have been reported where hydro-

lysis reactions on a-quartz surface using other potential

functions were modeled [43, 66, 69, 70]. Simulations on

five crystallographic faces of a-quartz were performed

by Du and de Leeuw et al. [70], and they proposed that

some surfaces of a-quartz were more reactive than others.

Also a non-reactive potential energy function using the

CHARMM force field [71] was developed to determine the

equilibrium structural characteristics of the silicates [72].

The MD simulations are useful for fast kinetics studies

but get computationally expensive beyond a few hundred

picoseconds. The applications of MD methodology are

especially limited for dissolution processes that occur on

much longer timescales.

For longer timescales, Luttge et al. and other groups

developed a stochastic kinetic Monte Carlo model that uses

surface topography as a means to calculate the overall

dissolution kinetics [42, 73–76]. Their model takes into

account the differential dissolution probabilities at irregular

kinks, edges, steps sites compared to terrace sites. These

simulations use a three-dimensional crystal lattice and

predict the growth and formation of etch pits, reactive

surface area, and the overall dissolution rate. Simulations

using this method have also been developed by other

research groups and include a wide variety of minerals.

1.1 Challenges of dissolution studies

All the methods outlined above are limited in their appli-

cations. Some of these challenges are listed below.

1. The accuracy of small cluster ab initio data is

important, and there is need to incorporate these data

in a methodology that calculates the overall dissolution

for extended time periods.

2. The MD simulations are efficient for a very short

timescale perspective of the silicate dissolution. These

time-dependent simulations, however, provide only

snapshots of the overall dissolution process and

cannot be affordably continued to reach equilibrium

conditions.

3. The stochastic approach using kinetic Monte Carlo

model is performed far from equilibrium, abandoning

the molecular level mechanistic details and accuracy.

Moreover, the assumptions of the method require the

simulations to be calibrated against experimental data.

In our work, we have developed computational approaches

to address some of the challenges in the dissolution studies.

We have developed a time-independent reactive Monte Carlo

and configurational bias (RxMC-CBMC) methodology [49]

approach to circumvent the limitations of MD simulations and

determine the equilibrium properties of the silicate–water

interface. In another development, we determined reaction

rate constants using cluster calculations and used them in a

new kinetic Monte Carlo scheme that instead of topology,

takes into account the molecular level data. We highlight the

strengths of these methods through several applications in this

article. The aim in all the applications is to show how the

atomistic description of the system is incorporated in the

methodology to affordably determine the equilibrium prop-

erties and kinetic evolution of the system for extended time

scales.

The article is organized in the following sections.

Section 2 provides structural details of silicate minerals.

Section 3 provides the theoretical background and applica-

tions of the RxMC-CBMC method. In Sect. 4, the kinetic

studies are presented that include ab initio studies,
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calculation of rate constants, and the KMC methodology.

The discussion of results and conclusions are provided in

Sect. 5.

2 Structure and nomenclature

Silicate minerals are primarily composed of SiO4
4- tetra-

hedral units that polymerize into chains, sheets, rings, as

well as many three-dimensional frameworks. Fracturing of

the bulk silicate structure exposes uncoordinated Si and O

atoms on the surface that quickly interact with the sur-

roundings and get capped by an OH group or a H atom,

respectively. The silicate-water chemistry is therefore

interaction of Si–OH groups with water. Based on the

polymerization state of the Si atom, a naming convention

has been adopted in the literature. Each Si atom is classified

using the Qi notation, where i is equal to the number of

bridged Si–Obr–Si bonds a particular Si atom forms with its

Si neighbors, and the remaining (4 - i) bonds are hydroxyl

groups. A Si atom embedded in the bulk, tetrahedrally

bridged to neighboring Si atoms and with no hydroxyl

groups is a Q4 Si. In contrast, a silicic acid [Si(OH)4] mol-

ecule in solution with no bridged bonds and four hydroxyls is

a Q0 Si. A surface Si site with one bond Si–Obr–Si bond and

three –OH groups is termed as a Q1 site. Similarly, Q2 and Q3

sites have two and three Si–Obr–Si bonds, respectively.

There is another naming convention based on physical

location of the Si site on the surface, such as terrace, step,

edge, and kink. Topographically flat uninterrupted surfaces

are terraces but due to defects or other irregularities, the

crystals have kinks, edges, or steps. The edge and the kink

sites can also be considered as outcrops on the surface and

have lesser number of Si–Obr–Si bonds than a terrace Si

atom. In some studies, dissolution and even crystal growth

is viewed as removal or creation of the reactive outcrops at

kink and edge sites.

In the literature, both naming conventions are used to

describe the system, depending on the methods used to

describe the system. For atomistically detailed methods,

the Qi nomenclature is more suitable to describe interac-

tions at each surface site. In our approaches, we use both

nomenclatures but we will predominantly be site specific in

development and applications of our methodologies.

3 Reactive and configurational bias Monte Carlo

method

We developed a probabilistic RxMC-CBMC method for

studying reactive and non-reactive events at the mineral–

water interface [49]. The method is based on the theoretical

concepts of reactive Monte Carlo schemes [77, 78], the

CBMC method [79, 80], and the work by Jakobtorweihen

et al. [81] reported recently. The combined method utilizes

the reactive theoretical framework of the RxMC method

and the algorithmic efficiency of the CBMC method. The

suite of reactions at the mineral–water is considered, and

the intermolecular interactions between the solid–solid,

solid–water, and water–water components are described by

a multi-body potential energy function.

Studying reactive events is feasible using the RxMC

method because the theoretical construct of the method

conserves the number of atoms in a system rather than the

identity of the individual molecules. This aspect is a

necessity for reactive events because during a reaction,

molecules change their identities from reactant to products

by breaking and forming bonds. The challenge here is that

the reactive moves do not involve single atoms but rather

clusters that have dissimilar sizes.

As in a mass-balanced chemical reaction, the reactant

molecules are consumed and reappear as product mole-

cules; the RxMC method models the reaction by random

deletion of the reactant molecules and insertion of the

product molecules according to the stoichiometry of the

reaction. The RxMC therefore requires a reactive potential

energy function such that the bonds in the reactants break

and form product. The task then is to define a reaction

transition probability P(new / old) that defines the prob-

ability of changing a stochastically selected old (reactant)

configuration to a new (product) configuration. A more

rigorous derivation has been presented earlier [49], but the

key equation for transition probability is given as

Pðnew oldÞ ¼ e
� 1

kBTðUnew�UoldÞ
YNc

j¼1

Nj!

ðNj þ mjÞ!
YNc

j¼1

q
mj

j ð1Þ

where U is the total potential energy, T is temperature, kB is

the Boltzmann constant, Nc is the number of components,

qj is the partition function, Nj is the number of particles,

and mj is the stoichiometry of the jth component, respec-

tively. As the reaction proceeds, the number of the com-

ponents changes from Nj to (Nj ? mj). The RxMC method

provides a generic expression for calculating the transition

probability of any reactive system. The acceptance or

rejection of a reactive trial move is determined by gener-

ating a random number c, (between 0 and 1) and comparing

to P(new / old). If P(new / old) is greater than c, the

trial move is accepted, else it is rejected.

The potential energy term for silicate-water system is

calculated using the FG potential introduced earlier in this

article [58]. The transition probability is then calculated

using Eq. 1. However, if the new and the old configurations

are chosen without careful consideration, it can lead to a

very low-efficiency simulation. The reason is that even for

the simplest dissolution reaction of Si–Obr–Si hydrolysis,
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the silicic acid product molecule needs to be inserted

successfully into the dense aqueous phase. A silicic acid

molecule is typically the size of a four water molecule

cluster and has low probability of insertion in bulk water

without steric overlapping. The transition probability for

such an insertion attempt will be very small since

e�bðUnew�UoldÞ ! 0 as Unew � Uold. The size disparity of the

reactant and product molecules plagues the successful

application of the RxMC algorithm because almost all

reactive moves are rejected. It is, therefore, necessary to

combine the reactive moves with an efficient technique that

overcomes the problem.

The CBMC technique provides a practical solution to

carry out simulations of systems that involve components

with very dissimilar densities and molecular structure. We

use a ‘‘cluster move’’ methodology to swap equivalent

volumes of material in trial moves. A useful quantity for

silicate-water system is that the volume occupied by a

silicic acid molecule is equivalent to a cluster of four water

molecules. In trial RxMC-CBMC dissolution moves, the

hydrolyzed silicic acid molecule exchanges position with a

cluster of water molecules in bulk water. The overlapping

water molecules are removed and then reinserted randomly

back into bulk water using the Rosenbluth weighting factor

[82]. The CBMC technique increases the efficiency of the

simulation immensely.

3.1 Applications of the RxMC-CBMC method

3.1.1 Reaction mechanisms

The RxMC-CBMC method attempts trial moves based on

the suite of reactions in a particular proposed mechanism.

The method can therefore be used as a powerful analysis

tool to distinguish among alternative mechanisms. The

silicate dissolution mechanism is not clearly understood,

and there are two distinct proposed reaction mechanisms:

(a) direct and (b) stepwise dissolution. The direct mecha-

nism has been discussed by Dove et al. as a possible

‘‘plucking off’’ mechanism for the removal of Q2 sites

based on their experimental observations [21]. However,

they concluded that further investigative work was needed

to ascertain the overall mechanism. The stepwise mecha-

nism, on the other hand, is possibly a more realistic

mechanism of sequential dissolution of a bridged Si–O–Si

bond at each step. The suites of reactions for both mech-

anisms were developed and are discussed below.

Of the two mechanisms, the direct dissolution approach

mechanism leads to removal of material from the silicate

surface by simultaneously hydrolyzing all the Si–O–Si

bonds that are necessary for complete removal of a ran-

domly chosen Si site. Concurrently, water molecules equal

to the number of bonds hydrolyzed are randomly selected

and removed from the system. The generic equation for

direct dissolution of a Qn Si site bonded to nQi neighbors is

Qi�Obr

� �
n
�QnðsÞþ nH2O ! nQi�1þ Q0ðaqÞ ð2Þ

In the reaction, n water molecules are consumed and a

silicic acid Q0 molecule is formed and on the surface all the

n neighbors are reduced to Qi-1 (one less bridged neigh-

bor). To illustrate the mechanism, a schematic of Q2 direct

dissolution is shown in Fig. 1. Conversely, in the back

reaction, the Q0 species precipitates on the surface forming

Si–Obr–Si bridged bonds and water molecules created in

the reaction are inserted in bulk water at randomly chosen

sites. For each trial dissolution step, the initial and final

geometries of the system are considered to calculate the

transition probability using Eq. 1 to determine whether the

move is acceptable.

Further analysis of the direct mechanism is performed by

designing three hierarchical schemes; Q1-dissolution, Q1Q2-

direct, and Q1Q2Q3-direct dissolution. The reason behind

building a hierarchical set of simulations is to use the

capabilities of RxMC-CBMC method to narrow down the

exact mechanism of the silicate dissolution. In the Q1-dis-

solution, only the reactions on Q1 sites are followed, whereas

in Q1Q2-direct the dissolution of Q2 sites is allowed in

addition to Q1-dissolution, and finally in Q1Q2Q3-direct

reaction of all surface sites is allowed. The algorithm sum-

marizing the direct mechanism is presented in Table 1.

In stepwise dissolution, only one Si–Obr–Si bond is

hydrolyzed in every trial move. This mechanism is

straightforward, but the algorithmic protocol for this sim-

ulation requires additional information about which bond

to hydrolyze if the chosen Si site had multiple Si–Obr–Si

bonds. To perform the hydrolysis at a chosen surface site

efficiently, we developed a least bridged neighbor protocol

[49]. This protocol requires identifying the Qi types of

neighboring Si sites, and then selecting the Si–Obr–Si bond

to the least bridged neighbor for hydrolysis, allowing

algorithmically efficiency as fewer sterically hindered

moves with low-acceptance probability events are gener-

ated. To highlight the stepwise algorithm, a schematic of a

Q2 Si site is shown in Fig. 2.

The direct and the stepwise algorithm were applied to

the a-quartz-water system. a-quartz is a silicate mineral,

with space group P3121 and a unit cell of a = b = 4.914

Å, c = 5.405 Å dimensions, a = b = 90� and c = 120�.

In the simulation, a 12 Å radius a-quartz crystallite was

enclosed in a 30 Å 9 30 Å 9 30 Å box of water. The

temperature of the system in all simulations reported here

was 500 K.

The results of the direct approach hierarchical schemes

show two contrasting behaviors in which the Q1-dissolu-

tion leads to steady state, whereas the Q1Q2- and the

Q1Q2Q3-direct mechanisms lead to complete dissolution.
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This result is very important from the perspective of sili-

cate dissolution mechanism. Out of the three simulations,

only the Q1-dissolution results are in agreement with the

experimental observations of reaching a steady state over

extended time periods. Experimental studies have shown

that quartz dissolution is kinetically a very slow process

and does not lead to complete dissolution [35, 36]. In the

Q1-dissolution simulation, initially the surface Q1 sites are

removed and form the Q0 product in solution. As the Q0

species accumulate in solution, the probability of the pre-

cipitation reactions increases, eventually reaching a steady

state. Figure 3 shows that change in the number of Q0

species at each MC step during a Q1-dissolution simula-

tion. The steady state is achieved between the surface and

solution after Q1$ Q0 exchange reactions. Analysis of the

Q1 sites removed from the surface shows no impact of the

Qi nature of the bridged neighbor. This observation has

been reported previously using ab initio calculations using

silica clusters [48].

The simulation results rule out that the Q1Q2- and the

Q1Q2Q3-direct mechanisms as correct. This conclusion is

supported by the ab initio calculations that show the gas-

phase barrier height [47] for one Si–O–Si bond is 159 kJ/

mol; therefore, hydrolyzing more than one bridged bonds is

energetically expensive. Although the Q1Q2- and Q1Q2Q3-

direct dissolution approaches are potentially not the real

mechanisms for dissolution of silicates, they nevertheless

are useful simulations to rule out unlikely mechanisms. The

question then is, does the stepwise analog of Q1Q2- and

Q1Q2Q3-direct mechanisms occur?

The stepwise analog Q1 sites dissolution is the same

mechanism as the direct mechanism and is called the

Q1-dissolution; however, the higher analogs are called

Q1Q2-stepwise and Q1Q2Q3-stepwise mechanisms. In the

Q1-dissolution, the removal of Q1 species occurs from the

surface irrespective of underlying Qi site leading to an

initial increase of Q0 population that later plateaus to a

steady-state population due to back reactions. Compared to

the Q1-dissolution simulation, the Q1Q2-stepwise simula-

tion reaches a steady state in a fewer number of MC steps.

The Q2 hydrolysis is sterically difficult and results in for-

mation of at least one Q1 species and another Qi-1 species

depending on the neighboring Qi site. The same steric

argument is true for Q2 and Q3 hydrolysis in Q1Q2Q3-

stepwise simulation and any hydrolysis that does take place

leads to fluctuation of surface speciation. For comparison,

the evolution of species is shown in Fig. 3 for Q1-disso-

lution and Q1Q2Q3-stepwise simulations. The most striking

result of the simulations is that irrespective of the Q1-dis-

solution, Q1Q2-, and Q1Q2Q3-stepwise mechanisms all of

Fig. 1 Schematic of silicate crystallite surrounded by water mole-

cules undergoing direct dissolution. The ball and stick representation

of the silicate shows Si (green), O (pink) and H (white) and for clarity

water O (yellow) and H (blue) are shown in different colors. In panel

a, two water molecules simultaneously approach a Q2 Si site, in b the

bridged bonds are hydrolyzed, and in c the hydrolysis product Q0

(silicic acid) moves out in solution
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them yield almost the same Q0 fraction in solution and Q4

fraction in bulk. The differences in the three mechanisms

are in fractions of the Q1, Q2, and Q3 surface species. These

can be explained by the disparity in the hydrolysis proto-

cols for mechanisms, but on an average, none of these

mechanisms lead to complete dissolution and all reach a

steady-state dissolution state. Furthermore, this confirms

that even though the Q2 and Q3 hydrolysis events do occur,

they are compensated by the backward precipitation reac-

tions and do not contribute significantly toward the for-

mation of Q0 species.

3.1.2 Interfacial studies

We used the RxMC-CBMC method to understand another

aspect of silicate-water chemistry, in which the Si surface

sites on crystallographic faces of b-cristobalite (a poly-

morph of quartz) tend to form hydrogen bonds with their

neighbors through intrasurface H-bonding, leading to tes-

sellated patterns in some cases [44, 50, 55, 83]. In our

earlier work, we established that the extent of tessellation is

controlled by the types of Qi sites predominant on the

crystallographic face [50]. The results indicated that in-

trasurface hydrogen bonding influences the physical char-

acteristics of the surface significantly, and therefore, an

investigation of the chemical properties in these surfaces

was warranted. We begin our discussion of the character-

istics of the crystallographic faces of b-cristobalite by first

summarizing the tessellation studies followed by the con-

sequence of these patterns on their chemical reactivity.

The Qi analysis of 40 unique crystallographic b-cristo-

balite surfaces showed that on an average, Q3 sites are three

times more abundant than the Q2 sites, which is good

agreement with experimental results [84–86]. The b-cris-

tobalite surface can be classified into three main types,

those that have (1) pure Q3 sites, (2) pure Q2 sites, and (3)

various ratios of Q2 sites Q3 sites. The detailed percentage

abundance of the surface sites is presented elsewhere [50].

Among all the surfaces studied, the {100} crystallo-

graphic b-cristobalite surface is unique, composed only of

Q2 sites. Both the hydroxyl groups of the surface form

H-bonds with the neighbors to form an extended tessella-

tion pattern. Despite only one pure Q2 surface, there are

nine crystallographic planes that have pure Q3 centers.

None of the pure Q3 surfaces show intrasurface hydrogen

bonding because the spacing between Q3 sites does not

allow proximity between the hydroxyl groups to form

hydrogen bonds. The other surfaces with both Q2 and Q3

sites are qualitatively different from the others in terms of

H-bonding.

Also, significant is how the b-cristobalite surfaces

interact with adjacent water molecules. The results indicate

Table 1 Comparison of the dissolution and precipitation algorithms for the direct and stepwise approaches

Direct approach Stepwise approach

Dissolution algorithm

(a) Choose a surface Si by random selection (a) Choose a surface Si by random selection

(b) Determine Qi type of the selected Si (b) Determine Qi type of the selected Si and all its bridged Si

neighbors

(c) Randomly select i water molecules in bulk water (c) Identify the Si–Obr–Si bond of the chosen Si to Qi neighbor

with smallest i

(d) Delete selected i water molecules and hydrolyze i
Si–Obr–Si bonds

(d) Randomly select 1 water molecule in bulk water, and delete

(e) Move the hydrolyzed Si(OH)4 to the coordinates of one

of the deleted water molecules

(e) Hydrolyze Si–Obr–Si bond

(f) Calculate P(step e / step a) (f) If Si–Obr–Q1 is hydrolyzed, then move the hydrolyzed Si(OH)4

to the coordinates of deleted water

(g) If P(step e / step a) [ c, accept the move,

else return to step a

(g) Calculate P(step e / step a)

(h) If P(step e / step a) [ c, accept the move, else return to step a

Precipitation/polymerization algorithm

(a) Choose a Si(aq) center by random selection (a) Choose a Si(aq) center by random selection

(b) Randomly pick another Si center on surface or solution (b) Randomly pick another Si center on surface or solution

(c) Move Si(aq) to the second Si to form i number

of Si–Obr–Si bonds

(c) Move Si(aq) to the second Si to form one Si–Obr–Si bonds

(d) Randomly insert i water molecules in bulk water (d) Randomly insert 1 water molecule in bulk water

(e) Calculate P(step c / step a) (e) Calculate P(step c / step a)

(f) If P(e / a) [ c, accept the move, else return to step a (f) If P(e / a) [ c, accept the move, else return to step a
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that the {100} and {111} b-cristobalite surfaces that have

ordered topology and hydroxyl groups in planes parallel to

the surface adsorb water molecules through H-bonds. The

{100} surface with 100% Q2 sites has geminal hydroxyl

groups in a plane parallel to the surface and forms a stable

tessellated H-bond network. The {111} surface adsorbs

water to form closed ring structures using two H-bonds

with the surface hydroxyl groups, bridging the neighboring

centers. X-ray reflectivity experiments on quartz surfaces

have shown that smoothness of the surface was crucial in

formation of water monolayers [87]. In Fig. 4, four crys-

tallographic planes are shown with and without water

overlayers. The figure clearly illustrates the experimental

observation that only the {100} and {111} with a flat

topology form extended water overlayers. The {013} and

{113} surfaces with less ordered topology have only par-

tial-ordered water overlayers.

To investigate the effect of intrasurface hydrogen

bonding on chemical reactivity of the b-cristobalite sur-

faces, we used the Q1Q2Q3-stepwise dissolution of the

RxMC-CBMC method. Dissolution of five different sur-

faces with varying ratios of Q2:Q3 groups was simulated,

and the extent of dissolution in all five cases was compared

by obtaining a ratio of the number of Q0 groups in solution

divided by the number of Si sites on the initial surface until

the dissolution reaches equilibrium.

A comparison of dissolution trends is plotted in Fig. 5.

The results show that pure Q3 surfaces that have no in-

trasurface bonding are 7–8 times more reactive than the

hydrogen-bonded surface. The pure Q3 {111} and {011}

surfaces have 68–70% of their top Si layer removed by

dissolution as shown in Fig. 6. The before and after dis-

solution images of the Si sites show that dissolution

removes most of the top layer and some of the second and

Fig. 2 A representation of

silicate crystallite undergoing

stepwise dissolution. The color

scheme of the atoms is the same

as in Fig. 1. In panel a, one

water molecule approaches a Q2

Si site, b the Q3–O–Q2 bridged

bond is hydrolyzed, c the

hydrolyzed Q1 site, d water

approaching the Q1 site,

e hydrolysis of the Q4–O–Q1

bridged bond, and f the stepwise

hydrolyzed Si site moves out in

solution as Q0 (silicic acid)
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third atomic Si layers. The pure Q2 {100} surface that is

completely hydrogen bonded has limited dissolution. The

surfaces with a mixture of Q2 and Q3 sites and less

extensive hydrogen bonding have intermediate dissolution

extents.

3.2 Limitations of the RxMC-CBMC

The applications of the RxMC-CBMC method have shown

the strengths of the method; however, there are certain

limitations of the method. Some of these limitations are

inherent to the method and some are more application

based, for example:

(a) The success of the method requires some initial

insight into the possible reactions mechanisms and

suite of elementary steps in the reaction for RxMC

trail moves.

(b) The methodology provides a time-independent pro-

gression of the solid and aqueous phases during a

reaction. It can estimate the concentration of the

reactant and products only after equilibrium as been

established.

(c) The success of the present RxMC-CBMC method

relies on the potential energy function used in a

particular application. In the present case, the

Feuston–Garofalini potential that was employed

Fig. 3 Evolution of Qi species

fraction simulated using the

a Q1-dissolution algorithm

and b Q1Q2Q3-stepwise as a

function of number of MC

moves at 500 K
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Plane Composition Surface topography Water overlayers 

100 Pure Q2

111 Pure Q3

013 
Q2:Q3 

1:1 ratio

113 
Q2:Q3 

1:3 ratio

Fig. 4 Surface topology of

{100}, {111}, {013}, and {113}

b-cristobalite planes showing

presence or lack of hydrogen

bonding with and without the

water overlayers

Fig. 5 Comparison of

dissolution trends in plot of the

ratio of the number of Si in

solution to the number of Si

sites in the initial surface versus

number of MC moves for {100}

(plus, red), {013} (diamond,

black), {113} (circle, orange),

{111} (triangles, green), and

{110} (cross, purple). (The

image is adapted from J. Phys.
Chem. C, 2010, 114, 2267–

2272.)
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described only the neutral reactions; therefore, the

effect of pH on the dissolution process is not included.

In the future, use of a more general silicate-water

potential energy function can alleviate this restriction.

(d) The method cannot estimate the kinetics of the

reaction, barrier height of the reactions, intermediate

geometries, forward and backward rates.

The results of the RxMC-CBMC method for silicate

dissolution are supplemented by studying the kinetics of

the silicate-water system.

4 Kinetic studies

The kinetics of silicate–water dissolution provides informa-

tion about the system that is complementary to the RxMC-

CBMC methodology. The aim is to develop an affordable

time-dependent method for evolution of the dissolution pro-

cess far from equilibrium using accurate ab initio data and

reaction rate constants. The reaction rate constants are incor-

porated in a kinetic Monte Carlo algorithm to describe dis-

solution of a three-dimensional silicate-water system.

Another important effect included in the silicate disso-

lution studies is the effect of pH. Based on the pH of the

solution, silicate hydroxyl groups change their protonation

state. The neutral hydroxyl group gets protonated or

deprotonated in presence of hydronium ions or hydroxyl

ions in solution. Earlier studies have shown that at any

given pH, a specific ratio of the protonated, neutral, and

deprotonated Qi sites exists on the silicate surfaces [88]. To

develop the kinetic Monte Carlo algorithm, the underlying

ab initio data was obtained for a series of silicate clusters

that undergo Q1-dissolution.

4.1 Ab initio calculations

The ab initio calculations for the dissolution of Q1 sites

bridged to Q2, Q3, and Q4 neighbors were performed

for the series of reactions that are classified into the

protonated, neutral, and deprotonated reactions [47, 48],

as:

Protonated state

OHð Þ3SiO
� �

OHð Þ2Si� O� Si OHð Þ3H
� �þþH2O

! OHð Þ3SiO
� �

OHð Þ2Si� OHþ Si� OHð Þ4Hþ ðR1Þ

OHð Þ3SiO
� �

2
OHð ÞSi� O� Si OHð Þ3H

� �þþH2O

! OHð Þ3SiO
� �

2
OHð ÞSi� OHþ Si� OHð Þ4Hþ ðR2Þ

Fig. 6 Cross-sectional view of the {111} cristobalite surface showing

only the Si atoms. Panel a top layer (before, green), b top layer (after,

yellow) c second layer (before, purple), and d second layer (after,

white), e third layer (before, blue), and f third layer (after, red). The

atomic positions of O and H atoms are not shown for clarity. (The

image is adapted from J. Phys. Chem. C, 2010, 114, 2267–2272.)
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OHð Þ3SiO
� �

3
Si� O� Si OHð Þ3H

� �þþH2O

! OHð Þ3SiO
� �

3
Si� OHþ Si� OHð Þ4Hþ ðR3Þ

Neutral state

OHð Þ3SiO
� �

OHð Þ2Si� O� Si OHð Þ3þH2O

! OHð Þ3SiO
� �

OHð Þ2Si� OHþ Si OHð Þ4 ðR4Þ

OHð Þ3SiO
� �

2
OHð ÞSi� O� Si OHð Þ3þH2O

! OHð Þ3SiO
� �

2
OHð ÞSi� OHþ Si OHð Þ4 ðR5Þ

OHð Þ3SiO
� �

3
Si� O� Si OHð Þ3þH2O

! OHð Þ3SiO
� �

3
Si� OHþ Si OHð Þ4 ðR6Þ

Deprotonated state

OHð Þ3SiO
� �

OHð Þ2Si� O� Si OHð Þ2O� þ H2O

! OHð Þ3SiO
� �

OHð Þ2Si� O� þ Si OHð Þ4 ðR7Þ

OHð Þ3SiO
� �

2
OHð ÞSi� O� Si OHð Þ2O� þ H2O

! OHð Þ3SiO
� �

2
OHð ÞSi� O� þ Si OHð Þ4 ðR8Þ

OHð Þ3SiO
� �

3
Si� O� Si OHð Þ2O� þ H2O

! OHð Þ3SiO
� �

3
Si� O� þ Si OHð Þ4 ðR9Þ

The three protonated states show distinct reactions

profiles [47, 48]. The protonated and deprotonated reaction

profiles both have two transition states indicating a two-

step process, whereas the neutral reaction is a single

transition state one-step reaction. A comparison of this data

to prior data in the literature has been presented and

discussed earlier [47, 48].

4.2 Calculations of rate constants

Using the barrier height of the reaction and the partition

functions of the reactant and transition state at a given

temperature, rate constants of a reaction using transition

state theory (TST) were calculated. The TST expression for

the rate constant is

k 6¼ðTÞ ¼ kBT

h

Q 6¼ðTÞ
QðTÞ eð�V 6¼=kBTÞ ð3Þ

where V 6¼ is the barrier height of the reaction, Q6¼ is the

partition function of the transition state, Q is the partition

function of the reactants, kB is Boltzmann’s constants, h is

Planck’s constant, and T is the temperature. The TST

expression in Eq. 3 was used to determine the kp, kn, and kd

rate constants for the protonated, neutral, and deprotonated

reactions.

In our earlier work, we have used the rate constants

information to calculate overall dissolution rates as a

function of pH [47]. The equation for overall dissolution is

rate ¼ q kphp þ knhn þ kdhd

� �
ð4Þ

where q is the molar surface density of reactive sites,

hp; hn; and hd are the fractions of protonated, neutral, and

deprotonated sites. For quartz, the total number of reactive

surface sites (or surface hydroxyl groups) is 5–7 nm-2. The

rate of dissolution is expressed in the units of dissolution of

the phase per surface area per unit time (mol m-2 s-1).

These surface fractions vary with pH and the calculated

rates as a function of pH are listed in Table 2 [47].

4.3 Kinetic Monte Carlo

Another important aspect of the dissolution process is

investigation of the overall rate of dissolution and identi-

fication of various intermediate species that have signifi-

cant contribution of the dissolution process. Computer

simulation of the time-dependent dynamical description

can be performed by the chemical master equation method.

In this approach, the master equation for the system is

constructed from the rate equation of constituting reaction

pathways. These equations result in a collection of coupled

differential equations that are solved to obtain the time-

propagation of the entire system. The solution of these

equations gives the concentration of chemically active

species as a function of time. For simpler systems, the

chemical master equation can be solved analytically, but

for complex processes (like dissolution) that involve large

number of intermediates and reaction pathways, numerical

methods are employed.

One of the vastly popular and successful techniques to

solve the chemical master equation is the KMC method.

Instead of solving the master equations using finite-dif-

ference schemes, this method employs a stochastic strat-

egy. One of the earliest algorithms was formulated by

Gillespie to solve the two component chemical master

Table 2 Comparison of quartz dissolution rates

pH Log rate (mol m-2 s-1)

Ref. [88] Ref. [47] KMC

2 -13.0 -10.8 –

3 -13.0 -12.8 –

4 -12.3 -11.9 -12.6

5 -12.1 -11.7 -12.7

6 -10.9 -11.0 -11.9

7 -10.6 -10.9 -11.8

8 -10.5 -10.8 -11.9

9.4 -11.9 -11.4 –

10.1 -11.4 -11.1 –

11.0 -10.8 -10.8 –

12.2 -10.0 -10.6 –
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equations [89]. The method outlined by Gillespie was

readily extended for many-component system [90]. A

general outline of the KMC scheme is presented below.

The KMC method assumes a priori knowledge of the

reaction pathways and the corresponding rate constants. It

also assumes that the initial concentrations of all the active

chemical species are known. The first step of the KMC

procedure involves calculation of all the reaction rates from

the rate constants and initial concentrations. The cumula-

tive reaction rate is obtained by summing over rates of

individual reactions obtained in the previous step. In the

third step, a reaction is selected using a random number

such that the probability of selection is directly propor-

tional to the rate of that reaction. The selected reaction is

carried out by updating the concentrations of all the active

species involved in the reaction according to their respec-

tive stoichiometry. The time step for this process is com-

puted from the cumulative reaction rate and a random

number between 0 and 1 using the following expression:

Dt ¼ �ln u

R
ð5Þ

where R is the cumulative reaction rate, and u is a uniform

random number between 0 and 1. The rates of all the

reaction are then updated and the procedure is repeated. As

the simulation progresses, the concentration of various

chemical species and the chemical rates can be monitored

as a function of time. Since its inception, there has been

tremendous progress in the development of better and more

efficient algorithms for carrying out KMC. For the present

work, we implemented the scheme developed by Dooling

and Broadbelt [90].

We applied our KMC method on a 10 Å quartz crys-

tallite embedded in a cubic box of water of 50 Å dimen-

sion. The rate constants values for kp, kn, and kd were

6.6 9 10-1, 6.5 9 10-15, and 8.9 9 10-5 that have been

reported earlier [47]. The simulations were carried out in

the pH range 4–8. A comparison of the rates reported

earlier, and our KMC simulations are reported in Table 2,

and a plot of the dissolution rates (mol m-2 s-1) are plotted

in the logarithmic scale as a function of pH in Fig. 7.

The preliminary data on a 10-Å quartz crystallite are

promising, as the log of the dissolution rate with KMC is

within one order of magnitude with the previously

reported results. This result is crucial for the success of the

KMC method for these kinds of systems that are domi-

nated with different kinds of Qi sites and varied surface

topologies. In the present application, we have not used

explicit rate constants for the dissolution of each of the Qi

sites in the protonated, neutral, and deprotonated state.

The extension of this method to include more topological

information in calculating the overall dissolution rates

will be undertaken.

5 Discussion and conclusions

Geochemistry has primarily been an experimental science

but with advances in computational tools and high

performance computers there is promising theoretical

development in this field. We developed two complemen-

tary approaches to simulate the dissolution of silicate–

water systems at equilibrium and far from equilibrium.

These methods are developed to provide a more compre-

hensive understanding the complexities of mineral–water

interactions.

The dissolution and precipitation studies of silicate

mineral have provided insight into the rich tapestry of the

mineral structure. Some of the calculations have been

performed using an interaction potential designed for

neutral reactions, we believe that the topological argument

should carry over to other conditions. For example, there

are many polymorphs of silica with tetrahedral arrange-

ments of SiO4
4- units. Similarly, the protonation state

changes depending on the pH, however, an extra or missing

proton will not alter the basic topology. We propose that

the same conclusions of role of hydrogen bonding on

reactivity, tessellation of water overlayers, dominance of

the Q1-dissolution, and less frequent Q2- and Q3-stepwise

dissolution events would apply for other polymorphs of

silica as well as the protonated and deprotonated states.

The generalized concepts that emerge from all the appli-

cations are given below.

Effect of surface topology on hydrogen-bonding

tessellation; effect of tessellation on dissolution

(a) Most surfaces contain a mixture of Q2 and Q3 sites

and on an average Q3 centers are three times more

abundant than the Q2 centers. Crystallographic planes

Fig. 7 Plot of the log(dissolution rate) of quartz as a function of pH

at 298 K using four unique methods; experimental data by Knauss

and Woolery (circle, orange, Ref. [88]), empirically fitted model by

Dove and Elston (diamonds, blue, Ref. [88]), RxMC-CBMC method

(squares, red, Ref. [47]), and KMC (triangles, green)
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with only Q2 sites are rare whereas planes with only

Q3 centers are more frequent.

(b) The Q2 sites have two hydroxyl groups that form

intrasurface hydrogen bonds with adjacent surface

sites. Crystallographic planes with higher percentages

of Q2 sites have a more extended hydrogen-bonding

network than those with no Q2 sites.

(c) The hydrogen bond network between surface groups

tends to passivate the reactivity of crystallographic

planes as demonstrated by the RxMC-CBMC simula-

tions. Consequently, surfaces with higher percentages of

Q3 sites in the initial surface exhibit more dissolution

than surfaces with higher percentages Q2 sites.

(d) The interaction of surfaces with water overlayers

depend on the topology of the surface. Surfaces with

flat topology adsorb water molecules through hydro-

gen bonds that sometimes result in tessellated

patterns. Tessellated patterns are not observed on

corrugated surfaces.

Identification of dissolution and precipitation

mechanisms

(e) The RxMC-CBMC method showed that dissolution

and precipitation reactions occur via the stepwise

mechanism predominantly from Q1 sites resulting in a

steady-state surface conformation. The dissolution of

Q1 sites occurs irrespective of the connectivity of the

underlying Qi site.

(f) The RxMC-CBMC approach ruled out the direct

dissolution mechanism as realistic in which the Q2 and

Q3 sites are proposed to undergo dissolution directly

leading to silicic acid in solution.

(g) Stepwise dissolution of Q2 and Q3 sites are energet-

ically expensive as they both lead to sterically

crowded surface groups. These dissolution events

occur less frequently than Q1 dissolution.

pH affects: ab initio reaction profiles, rate

constants, reaction rates, and overall dissolution

(h) The ab initio study of reaction mechanisms for the

protonated and deprotonated species show similarity

in the overall reaction profile with two transition

states and a pentacoordinated intermediate. In con-

trast, the dissolution of the neutral species does not

have a reaction intermediate but rather has a single

transition state.

(i) The dissolution rates based on ab initio data over a

wide 2–12 pH range compared well to three previ-

ously reported experimental rates. Also by using the

same protonation site populations, our results are in

good agreement with theoretically predicted rates that

were obtained by fitting experimental data.

(j) The application of kinetic Monte Carlo technique

using ab initio protonated, neutral, and deprotonated

reaction rate constants provide an affordable method

to study time evolution of silicate dissolution, espe-

cially because the dissolution process is slow and

occurs over geological time scales.

The results presented here are for silicate minerals

although the methodologies developed are general and can

be extended to other mineral classes. The RxMC-CBMC

method not only uses a suite of chemical reactions for

simulation, so it can be applied to other minerals with a

different set of reactions. Similarly, the kinetic Monte

Carlo method can simulate other minerals using reaction

rate constants for the key reactions for that mineral.
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