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Understanding the effect of the surface metal cation

XI ZHANG1,†, XIANDONG LIU1,*, YINGCHUN ZHANG1,‡, AND XIANCAI LU1

1State Key Laboratory for Mineral Deposits Research, School of Earth Sciences and Engineering,
Nanjing University, Nanjing, Jiangsu 210023, China

ABSTRACT

Surface acid chemistry is central to the interfacial properties of orthoclase. In this study, we report
a first-principles molecular dynamics (FPMD) study of interfacial structures and acid constants (pKa)
of orthoclase (001) with the presence of Na�/K� cations on the surface. Detailed structural analyses
demonstrate that Na� and K� have similar coordination structures on the surface, while the exchange of
Na� for K� hardly changes the hydration structures of surface groups. The surface groups (i.e.,≡SiOH,
≡AlOH, and ≡AlOH2) have pKas of 11.5, 18.5, and 7.8 with K� and 5.5, 17.7, and 4.3 with Na�,
respectively. FPMD-derived pKas indicate that with K� on the surface, ≡AlOH2 is the only active
group in the common pH range, while Na� decreases surface pKas of surface groups and makes
≡AlOH2 and ≡SiOH active. Based on the pKas, we derive a PZC (point of zero charge) of 9.7 and
4.9 for orthoclase (001) with surface K� and Na�, respectively. This means that Na� significantly
enhances surface acid reactivity. The implication for understanding the geochemical properties of
orthoclase is discussed with a focus on the surface complexation of metal cations.

Keywords: First-principles molecular dynamics, orthoclase-water interface, microscopic structures,
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INTRODUCTION

Orthoclase (i.e., K-feldspar) is widely distributed on the
Earth’s surface (Klein and Philpotts 2016). The orthoclase-water
interface can play an important role in the geochemical processes
of near-surface environments, such as water-rock interaction,
biodegradation, atmospheric deposition, and volcanic activity
(Chardon et al. 2006; Crundwell 2015; Nugent et al. 1998;
Ruiz-Agudo et al. 2016; Tutolo et al. 2015; Yuan et al. 2019).
Therefore, knowledge of interfacial properties is a basis for under-
standing those processes.

Orthoclase is a framework aluminosilicate in which Al3� or
Si4� occupy the tetrahedral sites with network modifier ions
(K�) fitting in the structure to compensate for the negative
charge caused by Al3� for Si4� substitution. Once exposed to
water, the surface of orthoclase may adsorb protons to form
various surface hydroxyl sites [i.e., ≡SiOH, ≡AlOH, ≡Si(OH)
Si≡, and ≡Al(OH)Si≡]. Due to these amphoteric sites, some
interfacial properties of orthoclase are pH dependent, for exam-
ple, the adsorption of heavy metal cations (i.e., Am3�, Cm3�,
La3�, Lu3�, Nd3�, and Y3�) increases with pH (Demnitz et al.
2022; Li et al. 2017; Neumann et al. 2021; Neumann et al. 2023;
Stumpf et al. 2006). Experiments such as extended X-ray
absorption fine structure spectroscopy (EXAFS) and time-
resolved laser fluorescence spectroscopy (TRLFS) indicate that
some metal cations can form inner-sphere (IS) complexes or
outer-sphere (OS) complexes on orthoclase surface (Neumann
et al. 2021, 2023; Richter et al. 2016; Stumpf et al. 2006). By

using atomic force microscopy (AFM) and X-ray reflectivity
(XR), the microscopic structure of the interface region between
the orthoclase surface and water has already been successfully
probed (Fenter et al. 2000, 2003; Teng et al. 2001). However,
the microscopic complexation mechanism of metal cations (e.g.,
the identities of the surface sites, the structures of the complexes,
and the pH dependence) is hard to reveal using experiments
only. Besides, the surface pKa values of orthoclase remain
unclear. Numerous titration experiments have been conducted
for feldspars (Amrhein and Suarez 1988; Blum and Lasaga
1991; Brantley and Stillings 1996; Stillings et al. 1995; Sver-
jensky 1994), but few reported the acidity constants of surface
groups. To our knowledge, only Neumann et al. (2021) derived a
pKa value of 2.5 ± 0.02 for K-feldspar. In addition, it has been
found that Na� in aqueous solution can replace the K� at the
interface region, which may affect the titration results (Blum
and Lasaga 1991; Mukhopadhyay and Walther 2001; Wollast
and Chou 1992), meaning that the surface acidity may be influ-
enced by counterions on the surface. However, up to now, a
quantitative understanding of this replacement is still lacking.

Classical molecular dynamics (CMD) is a useful tool to study
the interfacial properties of the orthoclase (Kerisit and Liu 2014;
Kerisit et al. 2008, 2023; Liu et al. 2021; Sassi et al. 2023). By
using CMD, Kerisit et al. (2008) revealed the microscopic struc-
ture of the orthoclase (001)/(010) facets, and their results agreed
with the XR results reported by Fenter et al. (2003). Addition-
ally, Na�, K�, Ca2�, UO2+

2 , UO2(CO3), and UO2�CO3�2−2 were
found to undergo inner-sphere adsorption, while Mg2� ions pre-
ferred outer-sphere adsorption on the orthoclase (001) surface
(Kerisit and Liu 2014; Kerisit et al. 2023; Liu et al. 2021).
First-principles molecular dynamics (FPMD) has been used
to study the interfacial properties of feldspar. For example,
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