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Abstract
In this paper, we report a first-principles Molecular Dynamics (FPMD) study of interfacial structures 

and acidity constants of goethite. The pKa values of the groups on (010), (110), and (021) surfaces 
(space group Pbnm) are derived with the FPMD based vertical energy gap technique. The results indicate 
that major reactive groups include ≡Fe2OH2 and ≡FeOH2 on (010), ≡FeOH2, ≡Fe3OLH, and ≡Fe3OUH 
on (110), and ≡FeOhH2 and ≡Fe2OH on (021). The interfacial structures were characterized in detail 
with a focus on the hydrogen bonding environment. With the calculated pKa values, the point of zero 
charges (PZCs) of the three surfaces are derived and the overall PZC range of goethite is found to be 
consistent with the experiment. We further discuss the potential applications of these results in future 
studies toward understanding the environmental processes of goethite.
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Introduction
Goethite is the most thermodynamically stable iron oxy-

hydroxide at ambient temperature (Cornell and Schwertmann 
2003; Majzlan et al. 2003; Gleason et al. 2008). It is ubiquitous 
in soils (Sparks 2003), lakes and marine sediments (van der 
Zee et al. 2003), acid mine drainage precipitates (McCarty et al. 
1998; Peretyazhko et al. 2009), and on Mars (Klingelhoefer et al. 
2005). Goethite usually exhibits acicular habit and is enclosed 
by (110), (010), and (021) surfaces (Cornell and Schwertmann 
2003). Due to its high specific surface area (up to 200 m2/g) 
(Schwertmann and Taylor 1989) and reactivity (Schwertmann 
and Cornell 2000), goethite has a profound effect on the retention 
of heavy metal cations and negatively charged moieties (e.g., 
As/P oxyanions and organic acids) (Fendorf et al. 1997; Randall 
et al. 1999; Filius et al. 2000; Ostergren et al. 2000; Kaiser and 
Guggenberger 2007).

Due to the presence of amphoteric surface groups (i.e., 
OH/OH2 of singly, doubly, and triply coordinated Fe sites), 
goethite surfaces can both donate and accept protons, and the 
interfacial properties including complexation of cations and 
anions are pH-dependent. For example, the adsorption capaci-
ties of heavy metal cations and oxyanions increase and decrease 
with pH, respectively (Grossl et al. 1997; Kim et al. 2011; 
Mamindy-Pajany et al. 2011; Komárek et al. 2018). It was also 
found that As/P oxyanions and carboxylate groups can form 
bidentate complexes at low pH and monodentate or hydrogen-
bonded outer-sphere complexes at high pH (Fendorf et al. 1997; 
Manning et al. 1998; Filius et al. 2000; Ona-Nguema et al. 
2005; Persson and Axe 2005; Hanna et al. 2014; Marsac et al. 
2016; Yang et al. 2016; Yan and Jing 2018). As common heavy 
metal contaminants in water and soils, Pb(II) and Cd(II) were 

selected as model cations in many experimental and modeling 
studies (Spadini et al. 1994; Venema et al. 1997; Randall et al. 
1999; Ostergren et al. 2000; Elzinga et al. 2001; Boily et al. 
2005; Granados-Correa et al. 2011; Leung and Criscenti 2017; 
Liu et al. 2018). Using extended X-ray absorption fine structure 
(EXAFS) spectroscopy, it was found that Pb(II) and Cd(II) form 
predominantly edge-sharing and corner-sharing complexes on 
goethite, respectively (Randall et al. 1999; Ostergren et al. 2000). 
Despite the extensive studies, the microscopic complexation 
mechanisms of heavy metal cations, including the complexing 
sites and structures on different facets and the corresponding pH 
dependence were still poorly understood.

The identities and intrinsic acidity constants of surface groups 
on goethite are central to the understanding of the pH-dependent 
interfacial processes. Unfortunately, current experimental tech-
niques are unable to distinguish the pKa values of minerals with 
so many facets and surface sites. Several theoretical approaches, 
including multi-site complexation (MUSIC) method, static den-
sity functional theory (DFT) calculations, and first-principles 
Molecular Dynamics (FPMD) simulations have been utilized to 
calculate the pKa values of goethite. MUSIC method (Hiemstra 
et al. 1989) correlates the surface pKa with the undersaturation 
of surface oxygen based on bond valence and it is able to calcu-
late the acidities of groups on different surfaces (Hiemstra et al. 
1996). With this method, the pKa values of the groups on (110), 
(021), and (100) surfaces were obtained, and the corresponding 
point of zero charge (PZC) matched with the measured values 
(Venema et al. 1998; Gaboriaud and Ehrhardt 2003). Despite this 
agreement, the pKa values cannot be uniquely determined using 
MUSIC method. For example, essentially different pKa values 
were obtained for several groups when hydrogen bond contri-
butions and Fe-O distances derived from classical Molecular 
Dynamics simulations were used as the input of MUSIC (Boily 
2012). According to previous studies, the pKa values predicted 
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