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Abstract

The surface charging behavior as a function of pH and isoelectric points (IEPs) of single-
crystal o-Al,O3 (0001) and (1-102) and o-Fe,Os3 (0001) were determined by streaming potential
measurements using an electrokinetic analyzer. The IEPs of a-Al,O3 (0001) and (1-102) and o-
Fe,Os3 (0001) were found to be 4.5, 5.1, and 6.5, respectively. These IEP values for oriented
single crystals of a-Al,O; are in good agreement with literature values, whereas the new IEP
value for a-Fe,Os3 (0001) is significantly lower than four reported values (IEP = 8 to 8.5) for
single-crystal a-Fe,Os; (0001) (Eggleston and Jordan, 1998; Zarzycki et al., 2011; Chatman et al.,
2013; Liitzenkirchen et al., 2013) and significantly higher than one (IEP = 4) recently measured
by Liitzenkirchen et al. (2015) on a fresh a-Fe,Os3 (0001) surface. Most of the single-crystal IEP
values measured recently are lower than IEP values reported for polycrystalline a-Al,O3 and o-
Fe,0s, which are generally in the pH range of 8 to 10. Calculations of the IEP values based on
estimated K, values of o-Fe;O; and o-Al,O; surfaces in contact with water as a function of
defect type and concentration suggest that highly reactive surface defect sites (primarily singly
coordinated aquo groups) on the Fe- and Al-oxide powders are possibly a major source of the
surface charge differences between polycrystalline samples and their oriented single-crystal
counterparts studied here. The results of this study provide a better understanding of the surface
charging behavior of Fe and Al-oxides, which is essential for predicting complex processes such

as metal-ion sorption occurring at mineral/water interfaces.

Keywords: isoelectric point (IEP), pH point of zero charge (pHpzc), Fe- and Al-oxide, single

crystal, polycrystalline, surface defects
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INTRODUCTION

Oxides and oxyhydroxides of iron and aluminum, as well as several other common
metals (e.g., Mn), are among the most reactive mineral phases in the natural environment (e.g.,
Brown et al., 1999; Stipp et al., 2002). Due to their high surface reactivities and large surface
areas, these metal-(oxyhydr)oxides often serve as natural sorbents of aqueous metal and
metalloid species (e.g., Goldberg et al., 1996; Cornell and Schwertmann, 2003) as well as natural
organic molecules (e.g., Gu et al.,, 1996; Nordin et al., 1998) and thus are important in
controlling their transport and environmental fate. In addition to their importance in
environmental chemistry, synthetic Fe- and Al-(oxyhydr)oxides are manufactured in bulk for use
in a wide variety of technological and industrial applications. Synthetic polycrystalline o-Al,O3
(corundum) and o-Fe,;Os (hematite) are also commonly used in the production of ceramics and
paints, as well as catalysts and catalyst supports (Yang and Troczynski, 1999; Avgouropoulos et
al., 2002; Weiss and Ranke, 2002; Kershner et al., 2004; Franks and Gan, 2007). Moreover,
synthetic a-Al,Oj3 single crystals and epitaxial o-Fe,Os thin films have important applications in
the optical and electrochemical industries (Weiss and Ranke, 2002).

Understanding the factors that control the surface reactivity of Fe- and Al-
(oxyhydr)oxides in natural and technological systems is an important goal in all of the above
applications. Key factors include the structure, composition, and concentration of reactive
surface sites/functional groups and their effect on charging behavior. Surface charge is an
important property of metal oxide/water interfaces that affects surface reactivity and is essential
for determining or predicting many interfacial phenomena such as the stability of
particles/colloids and the sorption behavior of trace elements and organic films on metal-oxide

surfaces (Parks, 1965; Venema et al., 1998; Franks and Lange, 1999; Franks and Gan, 2007,
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Kosmulski, 2009a). Surface charge has recently been implicated as an important variable in the
toxicity of manufactured silver nanoparticles with various organic coatings, with more positively
charged nanoparticle surfaces being more toxic to biological organisms than negatively charged
nanoparticle surfaces (El Badawy et al., 2011). Surface charge is generally defined relative to the
pH point of zero charge (pHpzc), which refers to the pH value at which the electrical charge on
the surface is zero (Sposito, 1984). Other types of pHpzcs are reported in the literature and
discussed by Sposito (1984). If there is no specific adsorption of ions on the surface, the value of
pHpzc determined by potentiometric titration matches the isoelectric point (IEP) determined by
electrokinetic measurements (Sposito, 1984; Kosmulski, 2001). This is often the case for a
“pristine surface” such as pure metal oxides in water or aqueous solutions with background
electrolytes. In this paper, pHpzc and IEP values should be considered as interchangeable
because we measured the surface charge using 0.01 M NaCl as the background electrolyte,
which is generally considered to be a non-specific, indifferent adsorption medium.

The hydrated surfaces of Fe- and Al-(oxyhydr)oxides have several different functional
groups [e.g., (Me)OH, >, (Me),OH,™, (Me),OH, (Me);OH ™", where Me represents AI*" or
Fe3+] (Hiemstra et al., 1989; Venema et al., 1998; Eng et al., 2000; Trainor et al., 2002, 2004;
Tanwar et al., 2007) and show pH-dependent variation in surface charges. For polycrystalline
and nanocrystalline Fe- and Al-(oxyhydr)oxide samples, surface charge is typically positive at
neutral pH. At pH values above or below the pHpzc, the surface charge is dominantly negative or
positive, respectively (Parks, 1965; Sposito, 1984; Franks and Lange, 1999; Franks and Gan,
2007). Numerous studies of polycrystalline and nanocrystalline o-Al,O3 consistently report IEP
values in the range of 8 to 10 (Parks, 1965; Kosmulski, 2001, 2004, 2006, 2009a, 2009b, 2009¢).

In the case of polycrystalline o-Fe,Os, the IEP values for most synthetic hematite particles are

4

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5531

Revision 2—-May 3, 2016

found to be in the range of 8 to 9, whereas the IEP values of natural hematite in polycrystalline
(powdered) form are found to be somewhat lower (6 to 7) (Parks, 1965; Kosmulski, 2001, 2004,
2006, 2009a, 2009b). Such differences between synthetic and natural hematite may result from
different sample origins and could be due, in part, to the effects of compositional impurities in
the natural samples. Sverjensky (1994) modified crystal chemical and electrostatic models of the
IEP by considering electrostatic solvation theory and predicted the IEP values of a-Fe,Os3 and -
ALO; to be 8.47 and 9.37, respectively, which are in good agreement with measured IEP values
for polycrystalline (powdered) samples (Parks, 1965; Kosmulski, 2001, 2004, 2006, 2009a,
2009b, 2009c).

In contrast to polycrystalline samples, oriented single-crystal o-Al,O3 (0001) and (1-102)
surfaces have significantly lower IEP values in the pH range of 4-6 (Larson et al., 1997; Franks
and Meagher, 2003; Fitts et al., 2005; Franks and Gan, 2007; Zhang et al., 2008; Liitzenkirchen
et al., 2010). The predicted IEP value for a-Al,Os3 (9.37) based on the model of Sverjensky
(1994) is significantly higher than measured values reported for single-crystal surfaces. The
difference between the IEPs of single-crystal and powdered, polycrystalline forms of a-Al,O;
has been a subject of debate over the last two decades (Sverjensky, 1994; Franks and Meagher,
2003; Fitts et al., 2005; Franks and Gan, 2007; Zhang et al., 2008; Liitzenkirchen et al., 2010).

Several studies have reported IEP values (ranging from 7 to 8.5) for single-crystal o-
Fe,Os (0001) surfaces (Eggleston and Jordan, 1998; Zarzycki et al., 2011; Chatman et al., 2013;
Liitzenkirchen et al., 2013), which are similar to IEP values reported for polycrystalline
(powdered) hematite powders. More recently Liitzenkirchen et al. (2015) reported a much lower
IEP value (~4) for a fresh o-Fe,Os3 (0001) surface and found that aging of this surface in I1mM

NaCl solution resulted in an increase in IEP from 4 to about 9, which they attributed to a change
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in surface structure and surface roughening caused by exposure of the o-Fe,O3 (0001) surface to
the electrolyte solution. As is the case for a-Al,O3, the IEP predicted for a-Fe,O; using the
Sverjensky (1994) model (8.47) is higher than measured values for single crystal o-Fe,O;
surfaces.

In general, the variation in reported IEPs for a-Al,O3 and o-Fe,Os (Parks, 1965; Loaec et
al., 1997; Wightman and Fein, 2001; Hizal et al., 2009) is likely due to differences in the source
(i.e. commercially available, laboratory synthesized, natural), the specific form of the material
(single crystal vs. polycrystalline (powdered), and/or different morphologies), and sample
preparation methods (Franks and Gan, 2007), including the effects of aging o-Fe,Os surfaces
(Liitzenkirchen et al., 2013; 2015). In the case of polycrystalline samples, particle size may also
play an important role, in particular for particles in the nanometer-sized regime (Vayssieres,
2009). The methods used for determining surface charge, as well as the specific conditions under
which the experiments were conducted, must also be considered.

A number of methods can be used to experimentally determine the IEPs or pHpzcs for
polycrystalline samples, including classic electrokinetic measurements, potentiometric titration,
sedimentary potential, and acoustic methods (Parks, 1965; Larson et al., 1997; Kosmulski, 2001;
Stack et al., 2001; Franks and Meagher, 2003; Kosmulski, 2004, 2006; Franks and Gan, 2007;
Zhang et al., 2008; Kosmulski, 2009b). For near atomically flat surfaces such as oriented single
crystals, streaming potential measurements and more recently developed surface-sensitive
methods, such as atomic force microscopy (AFM) and non-linear optical surface spectroscopies
such as second harmonic generation (SHG) and sum-frequency vibrational spectroscopy (SFVS),
and cyclic potentiometric titration in which the single-crystal surface serves as an electrode

(referred to as the single-crystal electrode (SCrE) method), can be used to determine IEP values
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(Larson et al., 1997; Stack et al., 2001; Franks and Meagher, 2003; Fitts et al., 2005; Zhang et
al., 2008; Liitzenkirchen et al., 2010; Zarzycki et al., 2011; Chatman et al., 2013; Liitzenkirchen
et al., 2015). In the present study we used streaming potential measurements to experimentally
determine the surface charges of oriented single crystals of synthetic a-Al,O; and natural o-
Fe,0s.

Here we report the isoelectric points of oriented single-crystal surfaces of synthetic -
AlO3 (0001) and (1-102) and natural a-Fe,O; (0001) and compare the results with IEPs reported
previously for oriented single-crystal o-Al,Os; and «-Fe,Os; surfaces and polycrystalline
(powdered) samples of a-Al,O3; and a-Fe, O3 as well as with predicted IEP values. The various
factors affecting the surface charging behavior of metal oxides are also discussed. In addition, we
present simple model calculations of the IEP values of these metal oxides as a function of pH,
based on estimated K values and surface structures determined experimentally in an earlier
crystal truncation rod (CTR) diffraction study of the hydrated a-Al,O3 (0001) (Eng et al., 2000),
o-Al,O3 (1-102) (Trainor et al., 2002), and o-Fe,O3 (0001) (Trainor et al., 2004) surfaces. Our
surface charging measurements were made on single crystal samples from the same sources and
prepared in the same way as the surfaces used in the CTR measurements of a-Al,O3; (0001) and
(1-102) and a-Fe,O3 (0001) surfaces. As a consequence, the average structures of these hydrated
surfaces are reasonably well known rather than based on the assumptions that the surface
structures are simple terminations of the bulk structures without relaxation or that water does not
affect the surface structure of the solids. In addition, the surfaces were characterized using AFM
and XPS measurements, which provide quantitative information on step densities and coverage
by adventitious carbon, respectively. Comparison of these calculated values with measured IEPs

suggests that IEPs are very sensitive to defect concentrations on the metal-oxide surfaces,

7

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5531

Revision 2—-May 3, 2016

consistent with earlier suggestions for the surface charging behavior of single-crystal a-Al(OH);
(001) and (100) and a-Al,Os (0001) (Franks and Gan, 2007) and of iron-(oxyhydr)oxides
(Venema et al., 1998; Zarzycki et al., 2011; Chatman et al., 2013; Liitzenkirchen et al., 2013;

2015).

EXPERIMENTAL METHODS

Sample preparation

The metal-oxide substrates used in these experiments are commercially available, highly
polished 2-inch diameter a-Al,O3 (0001) and (1-102) single crystals (Saint-Gobain Crystals &
Detectors Co.) and natural hematite (0-Fe,Os - variety specularite) single crystals from Bahia,
Brazil with well-developed (0001) faces. The a-Fe,O3 crystals were prepared using a chemical-
mechanical polishing (CMP) procedure that results in surfaces of sufficient quality (surface
roughness less than 5A rms) for crystal truncation rod (CTR) diffraction studies (Eng et al.,
2000; Trainor et al., 2002, 2004; Tanwar et al., 2007). Prior to the streaming potential
measurements, the o-Fe,Os3 (0001) single crystals were initially rinsed with acetone, washed in
107> M sodium hydroxide for 20 minutes, and finally washed in 10> M nitric acid for one hour.
Each chemical washing step was followed by multiple rinses with MilliQ water. The 2-inch
diameter commercial a-Al,Os crystals were cut into 2” x 1” rectangular pieces, washed as
described above, and then baked at 350 °C for 4 h to minimize excess carbon on the surfaces.
The cleaning procedure was repeated as necessary until the adventitious carbon content at the
crystal surfaces was less than ~10% of a monolayer and there were no detectable trace elements,
including silicon (<0.1%), as determined by x-ray photoelectron spectroscopy (XPS) (Surface

Science S-Probe, monochromatic Al K, radiation). Atomic force microscopy (AFM) (Veeco
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Multimode Scanning probe microscope) imaging was conducted on the o-Al,O3 and o-Fe,0;
surfaces. In addition, x-ray reflectivity data for the three crystal surfaces examined here were
collected on a PANalytical X’Pert 2 diffractometer in the Geballe Laboratory for Advanced

Materials at Stanford University.

Streaming potential measurements of single crystal surfaces

Streaming potential was measured for the three polished single-crystal crystal surfaces
using an electrokinetic analyzer (EKA) equipped with an asymmetric clamping cell with a
platinum electrode on each end (Anton Paar, Graz, Austria). The EKA includes an automatic pH
titrator, external pH and conductivity electrodes, asymmetric flow cell, and computer-based
control system. During each measurement, the sample was placed against a poly(methyl
methacrylate) (PMMA) channel reference plate in the flow cell. The pH, conductivity, and
electrode potential were recorded as a function of pH ranging from 3.0 to 9.0 at room
temperature, with a 0.01 M aqueous solution of sodium chloride as the background electrolyte.
An automatic pH titrator was used to slowly increase the pH of the electrolyte solution from 3.0
to 9.0 by adding aliquots of 1 N sodium hydroxide. The electrolyte solution was degassed before
each analysis and purged continuously using ultra-pure N, gas to minimize carbonate
contamination during the measurement of streaming potential. The flow directions were
alternated for each measurement and averaged to account for any deviations from the geometry
of the flow cell. The pH, conductivity, and electrode potential were calibrated before each
measurement. Six measurements were performed at a single pH point in alternating flow
directions, and the equilibration time for a single-point measurement was at least 15 minutes.

Streaming potential is generated when an electrolyte solution is forced by hydraulic

pressure to flow across the channel between two plates. It can be computed from the Helmholtz-
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Smoluchowski equation using the Fairbrother and Mastin substitution (Fa et al., 2005) as

incorporated in Eq. 1:

E, n
== oy |
¢ AP eg s 1]

where ¢ is the streaming potential, Es is the induced streaming potential, AP is the hydraulic
pressure, 77 is the liquid viscosity, € is the liquid permittivity, & is the permittivity in vacuum,
and ks is the specific conductance of the electrolyte solution. The streaming potential of the
sample is calculated from the measured streaming potential of the sample, {measured, and PMMA

reference, {pmma, using Eq. 2 (Fa et al., 2005):

g = 2§measured - ;PMMA [2]

The single-crystal o-Al,O3 and a-Fe, O3 samples were cleaned using the CMP procedure
(see section 2.1) and were stored in MilliQ water in polypropylene containers for 24 hr and
rinsed with MilliQ water multiple times before mounting them in the cell. Surface contamination
by carbon and silica was evaluated before and after each measurement by XPS. The EKA system
was cleaned by rinsing with 2 L each of MilliQ water, 1 mM NaOH, MilliQ water, 1 mM HCI,
and MilliQ water in this order without recirculation. Air bubbles were also removed from the
apparatus during the rinsing cycle. After mounting each sample, the system was flushed with 2 L
of 10 mM NacCl at pH 3, and a flow check was performed to insure reproducible pressure
readings before the measurements. This acid treatment should have removed any remaining
carbonate/bicarbonate contamination on the single-crystal surfaces. The streaming potential of

the PMMA reference plate was measured before and after each sample measurement.
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RESULTSAND DISCUSSION

Surface charge characterization of single-crystal a-Al,O3; and o-Fe,O3 surfaces

Streaming potentials as a function of pH for the three single-crystal substrates examined
in this study are shown in Figure 1. The error bars include the average standard deviation for 6
measurements at each point plus the average standard deviation from the PMMA reference plate
measurements. Surface charge for all three substrates decreased as pH was increased from 3 to 9
(in steps of ~ 0.25 pH units). The IEPs of a-Al,O3 (0001) and (1-102) and o-Fe,O3; (0001) are
4.5, 5.1, and 6.5, respectively (the pH crossing points at zero streaming potential).

Because XPS analyses of the surfaces showed only small amounts of adventitious carbon
(<10%) and silica (<0.1%) contamination after the streaming potential measurements, surface
charge modifications from carbonate and/or silica contamination should not have been
significant. Note also that XPS measurements were conducted ex situ, and a large part of the
detected adventitious carbon is likely to have formed after the streaming potential measurements,
especially considering the experimental procedure involving acid flushing as described above.

As shown in Table 1, the IEP values for a-Al,O; (0001) and (1-102) are in good
agreement with literature values (Veeramasuneni et al., 1996; Larson et al., 1997; Stack et al.,
2001; Franks and Meagher, 2003; Tulpar et al., 2005; Franks and Gan, 2007; Liitzenkirchen et
al., 2010), except for two studies where the surfaces were plasma cleaned, which resulted in
significantly higher IEP values of 8.5 and 9.3 for a-Al,O; (0001) (Veeramasuneni et al., 1996;
Tulpar et al., 2005). The IEP value determined for a-Fe,Os3 (0001) in the present study differs
from that of Eggleston and Jordan (1998) who used scanning force microscopy to determine the
IEP of o-Fe,O3; (0001) and found IEP values ranging from 8 to 8.5 depending on the types of

probe tips and electrolyte solutions used (Table 1). However, no detailed surface properties or
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cleaning procedures were reported by Eggleston and Jordan (1998), although they noted that
steps about 10 nm high were commonly found for a similarly prepared quartz single crystal.
Thus, a higher surface roughness might be expected for the single-crystal hematite used in this
earlier study because hematite has a lower hardness than that of crystalline quartz (Eggleston and
Jordan, 1998; Trainor et al., 2004).

The charging behavior of synthetic platy crystals of hematite with 40-60% of the (001)
face present was also measured and modeled by Venema et al. (1998) using potentiometric
titrations and a modified MUSIC model in which the Pauling bond valences were calculated as a
function of predicted bond lengths. The resulting measured value of the pristine point of zero
charge for the platy hematite crystals is about 9.4, which is significantly higher than the value we
report here (6.5). We attribute this difference, in part, to the presence of different faces on the
synthetic crystals used in the measurements by Venema et al., particularly (110) faces. In
addition, no information was provided by these authors on the actual structure or composition of
the surfaces of the crystals used. For modeling purposes, Venema et al. found that a mixture of
50% (001) and 50% (110) faces and the assumption of dominantly singly coordinated surface
groups on the (001) surface and equal proportions of singly, doubly, and triply coordinated oxo,
hydroxo, or aquo groups, respectively, on the (110) surface gave a reasonable match with the
measured charging behavior.

Zarzycki et al. (2011) reported a new determination of the pHpzc of a natural hematite
(0001) surface using the SCrE cyclic potentiometry method in which hematite served as an
electrode. The pHpzc value they obtained (8.0) is similar to that measured by Eggleston and
Jordan (1998) for single-crystal hematite and that measured for powdered hematite, but it differs

from the IEP value for the o-Fe,O3 (0001) surface in the present study (6.5). One significant
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difference between the Zarzycki et al. (2011) study and ours involves sample preparation.
Whereas Zarzycki et al. prepared their hematite (0001) surface by sawing a natural sample
parallel to the (0001) plane and then annealing the sample at 1100°C, which is now thought to
change the surface structure of hematite (0001) (Liitzenkirchen et al., 2015), we prepared our
hematite (0001) and a-Al,O; (0001) and (1-102) surfaces by a chemical-mechanical polishing
procedure documented in Trainor et al. (2002, 2004) and Tanwar et al. (2007). This procedure
resulted in a hematite (0001) surface with an rms roughness of 2.8 + 0.6A and an a-AL,O; (0001)
surface with an rms roughness of 2.5 + 0.6 A as measured by AFM (Figures 2a and 2b), with few
resolvable steps in the Sum x Sum AFM images. These AFM roughnesses are consistent with
those determined by fitting x-ray reflectivity data (data not shown). In contrast, the 10um x
10um AFM image of the hematite (0001) surface examined by Zarzycki et al. (2011) before their
potentiometric titration measurements showed at least 12 step edges, with terraces between, the
widest of which was about 3 um and the narrowest of which was < 0.5 um. The significant
difference in surface roughness between our sample and the one used by Zarzycki et al. for
pHpzc measurements helps explain the lower pHpzc value for hematite (0001) obtained in the
present study vs. the Zarzycki et al. (2011) study. As discussed below, the greater surface defect
concentration of the hematite sample examined by Zarzycki et al. (2011) leads to a higher pHpzc
value.

Three more recent studies of the surface charging behavior and IEP of a-Fe,O3; (0001)
were conducted by Chapman et al. (2013), Liitzenkirchen et al. (2013), and Liitzenkirchen et al.
(2015) using the SCrE cyclic potentiometric method. In the study by Chatman et al. (2013), a
PZC value of 8.35 was determined on a natural hematite sample prepared by sawing and

annealing at 1100°C, whereas in the study by Liitzenkirchen et al. (2013) using natural hematite

13

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5531

Revision 2—-May 3, 2016

samples prepared by chemical-mechanical polishing and cleaning followed by annealing at
1200°C, the point of zero potential was determined to be 8.1 or 8.4, the latter value being
determined by applying the “common intersection point” (see Zarzycki and Preocanin, 2012).
Both of these studies used the SCrE cyclic potentiometry method to measure surface potentials.
However, similar charging behaviors were found for fresh and aged hematite samples using the
SCrE cyclic potentiometry method for the surface potential measurements performed in a more
recent study by Liitzenkirchen et al. (2015), whereas their zeta-potential measurements (similar
to the streaming potential measurements used in this study) showed a dramatic difference
between the two samples (4 vs. 9). This suggests that the surface potential measurements and
IEP value determinations depend strongly on the methods used. Because aluminum oxide is an
electrical insulator, there are no available SCrE cyclic potentiometric studies of more extensively
investigated single-crystal aluminum-oxide surfaces in the literature for comparison with IEP
values determined using this method with other techniques.

In the streaming potential study by Liitzenkirchen et al. (2015) an IEP value of about 4
was determined on a well-characterized fresh, natural hematite sample prepared by the same
chemical-mechanical polishing procedure used in the present study. This study also determined
the zeta potential value of an aged hematite surface coupled with AFM and crystal truncation rod
(CTR) diffraction measurements on surfaces with similar preparation histories. Surface
roughness as measured by AFM on the o-Fe;O3; (0001) sample studied by Liitzenkirchen et al.
(2015) was about 1.2A in air, about 4.2A in water, and about 6A in 1 mM KCI solution. The
CTR data for the fresh hematite (0001) surface were best fit with two different structural
domains, one (domain 1), referred to as the oxygen (or hydroxyl)-terminated surface, that

comprises about 44% of the surface and is terminated dominantly by doubly coordinated
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hydroxo groups, and one (domain 2), referred to as the iron-terminated surface, that comprises
about 56% of the surface and is terminated dominantly by separated Fe(III)(O,0H)s octahedra
with three singly coordinated aquo groups in contact with the aqueous solution. No ordered
water layer was required to fit the CTR data for the fresh hematite sample. AFM images of the
fresh hematite surface suggest 10-30 nm diameter patches representing the two domains on the
(0001) surface. CTR data for the aged hematite (0001) surface were also best fit by the same two
types of structural domains, except that domain 1 increased to 68% of the total surface and
domain 2 was reduced to 32% as a result of aging in aqueous solution. In addition, the best-fit
structure included 20% of an ordered monolayer of water and the terminal Fe-O bond lengths are
reduced relative to the fresh surface. Although the concentration of the singly coordinated
surface groups decreased from aged to fresh samples, the increased reactivity of these functional
groups on the aged sample is attributed to its dramatically elevated IEP value (9). Because our
sample was hydrated for 24 hr before the steaming potential measurements, the IEP value we
measured (6.5) lies in the intermediate range of their observed IEP shifts from fresh (4) to fully

aged stage (9).

Differences between | EPs of a-Al,O3 and a-Fe,O3 single-crystal surfaces and powders
Figure 3a shows the distribution of IEP values of a-Al,Os polycrystalline powders from
various sources collected by different investigators. Various methods have been used to measure
the IEPs of o-Al,Os; powders including the electrokinetic method, titration at a common
interception point (cip), electroacoustic methods, and atomic force microscopy (AFM) (Parks,
1965; Kosmulski, 2001, 2004, 2006, 2009b). With the exception of a few studies, the reported
IEP values of polycrystalline o-Al,O3 are generally in the pH range of 8 to 10. In comparison,

the IEP values of a-Al,O3 (0001) and (1-102) single-crystal surfaces examined in this study and
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others are much lower, and the difference are due, in part, to differences in the protonation states
and types of binding environments (i.e. surface functional groups) present on the surfaces of
powder vs. single-crystal samples (Fitts et al., 2005; Franks and Gan, 2007; Zhang et al., 2008).
Liitzenkirchen et al. (2010) attributed the difference between the negative zeta potential of o-
Al,O3 (0001) single-crystal surfaces in the pH range 5-7 and the IEP prediction (5.4) by the
MUSIC model to enhanced auto-protolysis of interfacial water. In addition, they reviewed the
differences in charging behavior and IEPs on single-crystal a-Al,O; (0001) observed using
several different methods.

Surface reactivities of Fe- and Al-oxides are expected to increase due to the presence of
point defects such as vacancies as well as the formation of step edges that are normally
associated with surface roughening (Liu et al., 1998). Both factors may affect the IEP values of
polycrystalline and single crystal samples (Stipp et al., 2002). Several studies have shown that
plasma treatment of the o-Al,O3 (0001) surface results in significantly higher IEP values relative
to untreated a-Al,O3; (0001) surfaces (Veeramasuneni et al., 1996; Tulpar et al., 2005; Franks
and Gan, 2007). In accordance with the preceding discussion, the increase in IEP from single
crystals to polycrystalline samples is attributed to surface roughening and the formation of
vacancy defects for the latter, which are expected to increase the fraction of singly coordinated
surface hydroxyl groups associated with cation vacancies. In contrast to oriented single crystals,
polycrystalline alumina exhibits a mixture of different crystal terminations, and the proportion of
each depends on morphology. Small particles are expected to have large surface defect densities
such as step edges and vacancies (Franks and Gan, 2007; Zhang et al., 2008). Accordingly, o-
Al,O3 in polycrystalline form is expected to have a high number of singly coordinated surface

aquo groups, which have pK, values of 9 to 11 (Franks and Gan, 2007). This range is quite close
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to most of the IEP values reported in the literature for polycrystalline alumina (Figure 3a). These
results support the notion that singly coordinated surface functional groups resulting from the
presence of surface defects on individual Al-oxide particles may be a major cause of the surface
charge differences between the polycrystalline powders and the single-crystal counterparts
studied here and reported elsewhere (Franks and Gan, 2007; Zhang et al., 2008).

The IEP values reported for polycrystalline o-Fe,Os; vary more widely (Figure 3b)
(Parks, 1965; Kosmulski, 2001, 2004, 2006, 2009b) than those for polycrystalline o-Al,O3
(Figure 3a). In the case of compositionally pure synthetic a-Fe,O; samples, the variation may be
primarily attributable to different preparation methods, which yield a wide range of particle sizes

and morphologies as shown in Table 3 (see section below on the effect of particle size on IEP).

M odeling the char ging behavior of a-Al,O3 (0001) and (1-102) surfaces as a function of pH
When in contact with water, three types of surface functional groups for a-Al,Os (singly
coordinated aquo, doubly coordinated hydroxo, and triply coordinated oxo) (Fitts et al., 2005;
Franks and Gan, 2007; Zhang et al., 2008) are thought to form protonated Al,OHy species
characterized by specific K, values (Table 2) (Hiemstra et al., 1989; Fitts et al., 2005; Franks and
Gan, 2007; Zhang et al., 2008). As discussed earlier, the hydrated o-Al,O3 (0001) surface has
dominantly doubly coordinated ALOH® surface functional groups (Eng et al., 2000) that are
characterized by the following acid-base equilibrium constants (Hiemstra et al., 1989):
Ki=[ALO][ H']/[ALOH"] [3]
K2 = [ALOH"][ H'}/[ALOH, ] [4]
By rearranging Equations [3] and [4] and equating [Al,O] = [Al,(OH),'], the theoretical IEP
value can be calculated as the average of equilibrium constants for specific (hydr)oxo surface

functional groups (Fitts et al., 2005; Zhang et al., 2008), and a theoretical IEP value of ~5.4
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((pK1+pK2)/2) is obtained for the o-Al,O3 (0001) surface (Hiemstra et al., 1989). This IEP is
determined by two pKj, values separated by more than 13 units, and at or around pH 5.4 the
surface speciation is completely dominated by neutral ALLOH groups, which implies a very low
surface charge density in the surface plane. Accordingly, the IEP of a-Al,O; (0001) will be
sensitive to small amounts of charged defect sites, such as singly coordinated oxo (or hydroxo)
groups, which are present at step-edges, corners, and vacant surface sites (point defects). This
sensitivity is exemplified by the results of model calculations presented in Figure 4, which show
that even low concentrations of singly coordinated (hydr)oxo groups shift the IEP to
substantially higher values. Note, however, that the presence of these singly coordinated groups
may be partly balanced by other surface charging mechanisms as suggested by Liitzenkirchen et
al. (2010). The sensitivity of calculated pHpzc values of metal-oxide surfaces to the surface
structural model assumed has also been pointed out by Liitzenkirchen et al. (2010) and Zarzycki
etal. (2011).

The variation of surface charge with pH was calculated as follows for the hydrated o-
Al,O3 (0001) surface, which has mainly doubly coordinated functional groups (Eng et al., 2000),
as expressed in equation [5].

[ALOH]i,: = [ALLOH, '] + [ALOH] + [ALO'] [5]
At low pH equation [5] can be approximated by
[AL,OH],, = [ALLOH,"] + [ALL,OH] [6]

Whereas at high pH equation [5] can be approximated by

[ALOH]ot = [ALOH] + [ALOT] [7]

From the acid-base equilibria, the following equations are obtained, with K, values for the

different surface functional groups from the classical MUSIC model (Hiemstra et al., 1989).
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[ALOH][H /[ALOH,' ] =K, [8]

[ALO][H)/[AL,OH] =K, [9]
Combining equations [6] and [8] yields

[ALOH;"] = [ALOH ]« H'}/(Ka + [H']) [10]
and combining equations [7] and [9] yields

[ALO] = [ALOH]wKa/(Ka + [H']) [11]
Summing equations [10] and [11] gives the surface charge generated by the doubly coordinated
(hydr)oxo sites.

One can also estimate the contribution to surface charge as a function of pH of singly
coordinated defect sites on the 0-Al,03 (0001) surface, which is given by '([AIOH,™**] +
[AIOH ")) and can be calculated as follows:

[AIOH] o = [AIOH, ] + [AIOH™?] [12]

[AIOH " ][H)/[AIOH, "’ =K, [13]
Combining equations [12] and [13] and solving for [AIOH, "] yields

[AIOH, "] = [AIOH]i[H 1/(Ka + [H']) [14]
Combining equations [12] and [13] and solving for [AIOH "] yields

[AIOH "] = [AIOH]oKo/(Ka + [H']) [15]
Summation of equations [10], -[11], "2[14], and -'2[15] gives the surface charge of the a-Al,O3
(0001) surface as a function of pH, including singly coordinated surface defect sites.

This modeling highlights the difficulty in experimental determination of the IEP value of
pristine oi-Al,03(0001) assuming that no other mechanism is controlling the surface charging
behavior. Because hydrated 0-Al,03(1-102) has, in addition to Al,(OH)’, approximately equal

amounts of AI(OH)" and Al;(OH)* functional groups (Trainor et al., 2002), its theoretical IEP
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should be higher than that of the (0001) surface (see Table 2), which is consistent with the trend
of the measured values in the present study. However, due to the sensitivity of IEP to the precise
distribution of surface functional groups and the uncertainties of reported K, values, comparisons
between theoretical and measured IEPs should be made with caution and only be interpreted in a

qualitative sense.

M odeling the char ging behavior of the a-Fe,O3 (0001) surface asa function of pH

Because the hydrated o-Fe,O3 (0001) surface has approximately equal amounts of the
three functional groups, based on a crystal truncation rod x-ray diffraction study (Trainor et al.,
2004), the theoretical IEP will mainly be determined by pKa(FesOH ™) and pKa(FeOH, ") (see
Table 2). Assuming equal amounts of the three surface groups, one can estimate the IEP values
of the hydrated o-Fe,O3 (0001) surface as follows. By analogy with the equations for a-Al,Os
given above, the surface charge generated by the doubly coordinated sites on the hydrated o-
Fe;O3 (0001) surface is given by

[Fe;OH, '] = [Fe;OH]io[H 1/(Ka + [H']) [16]
and

[Fe;07] = [Fe;OH]ioKa/(Ka + [H']) [17]
The contribution to surface charge of singly coordinated surface sites is given by

[FeOH, " "] = [FeOH],o[H 1/(Ka + [H']) [18]

[FeOH "] = [FeOH],uKo/(Ka + [H']) [19]

and the contribution of triply coordinated surface sites is given by

[Fe;OH ] = [Fe;0H] o [H'1/(Ka + [H']) [20]
[Fe;0°] = [Fe;0H]oiKo/(Ka + [H']) [21]
20
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Summing equations [16], [17], 4[18], 2[19], 2[20] gives the total charge of the hydrated «-
Fe,03 (0001) surface as a function of pH.

Acid/base reactions similar to those occurring at various surface functional groups on
hydrated o-Al,O; surfaces have been proposed for hydrated o-Fe,Os surfaces. These Fe,OH
functional groups include singly coordinated FeOH™, doubly coordinated Fe,OH’, and triply
coordinated Fe;OH®? (Hiemstra et al., 1989; Venema et al., 1998; Trainor et al., 2004; Tanwar et
al., 2007). The pK, values of these sites were predicted by Hiemstra et al. (1989) using the
“classical MUSIC model” as shown in Table 2 (Hiemstra et al., 1989; Venema et al., 1998).

The predicted IEP value (~7.2) of the hydrated a-Fe,Os (0001) surface with a 2.0:2.0:2.0
ratio of singly to doubly to triply coordinated surface functional groups is higher than that
measured in this study (6.5) as shown in Figure 5. However, Figure 5 also shows that the
predicted IEP value is sensitive to the distribution of surface functional groups, which makes
comparison with experimental values difficult. Venema et al. (1998) also predicted pristine point
of zero charge (PPZC) values for hematite (0001) surfaces using a similar approach and
concluded that PPZC values are high (>9.5) when the fraction of singly coordinated surface
groups is high and low (<5) when the fraction of singly coordinated surface groups is low.
Although the K; values used in these model calculations have not been fully verified for different
metal oxide surfaces due to variations in surface structure and composition, which are often
poorly known, this approach provides a potential explanation for the relatively large differences
between the IEP values measured for polycrystalline (powdered) and single-crystal o-Fe,Os.

Most of the a-Fe,O3 polycrystalline powders studied to date have IEP values of 8 to 9
(Figure 3b), which are significantly higher than the IEP of hydrated single-crystal o-Fe,O3(0001)

obtained herein. This difference is consistent with the idea that singly coordinated Fe-OHy
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functional groups are expected to be more prevalent on surfaces of polycrystalline powders,
which results in increasing IEP values as indicated by the K, values (Venema et al., 1998).
However, because the surface structures (functional group types and densities) and morphologies
of particles in various powdered samples are not well known, especially for samples used in IEP
measurements reported in the literature, it is not possible to rationalize the diverse IEP values for
these powdered samples. This modeling also helps explain the significantly higher IEP value for
hematite(0001) determined by Zarzycki et al. (2011); their hematite sample had more step-edges

than our hematite (0001) sample.

Effect of particlesize on |EP values

The IEP values of synthetic o-Fe,Os particles, with sizes ranging from ~ 75 nm to 5 pm,
vary from 10 to 6.5, respectively (Table 3). The samples in these studies were created under
controlled conditions, and the size, morphology, and specific surface area of the particles are
reported, which allows for a reasonable comparison of different studies. As suggested by the data
reported in Table 3, a rough correlation exists between particle size and IEP values, with smaller
particles exhibiting higher IEP values than larger particles. More data, especially for particles in
the 1000 to 5000 nm size range, are needed to confirm or refute this proposed correlation of
increasing [EP with decreasing particle size.

This suggested trend is consistent with that found in a study of pHpzc variations of
maghemite (y-Fe,Os3) nanoparticles of different sizes by Vayssieres (2009). He found that pHpzc
values increased from 6.3 to 8.4 as nanoparticle size decreased from 12.0 nm to 3.5 nm and
attributed this increase to increased curvature of the nanoparticle surface with decreasing size,

leading to a decrease in electrostatic repulsion between charged surface sites at the
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nanoparticle/aqueous solution interface and an increase in the number of charged surface sites
(Vayssieres, 2009).

Vayssieres (2009) hypothesized that in the case of a metal-oxide system with negative
surface charge (i.e. pH > pHpzc), this decrease in electrostatic repulsion between surface sites
with decreasing nanoparticle size could lead to an increase in charged surface sites and to
desorption of more protons at the same pH for smaller particles, and “ consequently the surface
chemistry will change accordingly and the acidity of the surface will decrease (the basicity will
increase), and thus the PZC will increase” We hypothesize that the number of singly
coordinated (hydr)oxo groups should increase with decreasing particle size, resulting in an
increase in pHpzc with decreasing particle size. In contrast, a recent study by Ridley et al. (2013)
suggests that nanoparticles do not necessarily have different PZC values than their larger

counterparts.

Other factors affecting surface charging behavior of metal oxides

In addition to size, particle morphology is also expected to impact IEP due to the
presence of different proportions of singly, doubly, and triply coordinated surface groups on
different surfaces of the same particle (see, e.g., Venema et al., 1998). However, a systematic
IEP study of well characterized a-Fe,Os particles over a broad range of particle sizes and
morphologies using similar preparation protocols and the same method for IEP measurements is
needed to draw further conclusions about these factors. The measured IEP values of natural
polycrystalline a-Fe,O; samples are generally lower than those of their synthetic counterparts,
and the deviation may also be attributable to a combination of variable particle size and
morphology effects (Parks, 1965; Kosmulski, 2001, 2004, 2006, 2009b). Similar to o-Al,O3, the
presence of various faces and defects on polycrystalline o-Fe,O3; samples could be a major
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source of the observed differences between the IEP value for single-crystal o-Fe,O3(0001)
measured in this study and IEP values reported in the literature.

At least one additional factor — surface composition — should have a major effect on the
measured [EP values of metal oxides in contact with aqueous solutions (Franks and Gan, 2007).
This is particularly true when a metal oxide surface has a partial monolayer or several effective
monolayers of adventitious carbon, which can be in the form of various aliphatic hydrocarbons,
carbonate ions, and functional groups such as carboxylates (Olefjord and Nylund, 1994; Barr and
Seal, 1995; Miller et al., 2002; Bhargava et al., 2007). Such functional groups and carbonate ions
are negatively charged and should have the effect of decreasing the IEP of the surface. In
addition, natural mineral surfaces likely have bulk compositional impurities relative to their
synthetic counterparts as well as partial coatings of natural organic matter that are rich in anionic
functional groups (Gibbs, 1983; Chorover and Sposito, 1995; Mayer, 1999). Carbon 1S x-ray
photoelectron spectroscopy (XPS) analysis of the single-crystal samples used in the present study
showed that the coverage of adventitious carbon was less than 10% of a monolayer on surfaces
before and after streaming potential measurements, and the acid treatment of the surfaces prior to
these measurements, as well as our sample cleaning and handling protocols, should have
minimized the amount of adsorbed carbonate, other forms of adventitious carbon, and silica
during the actual measurements. However, only a few published studies of the IEP values of
single-crystal and polycrystalline forms of a-Al,O3 and  o-Fe;Os include XPS or Auger
spectroscopy analyses of the samples (Stack et al., 2001; Franks and Meagher, 2003; Kershner et
al., 2004), so it is not generally possible to estimate how significant this effect is on the reported
IEP values. Moreover, detailed analyses of the bulk chemical compositions of natural materials

used in IEP measurements are not available in most cases.
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CONCLUSIONSAND IMPLICATIONS

In this study, the differences in IEP values between single crystals and powdered forms
of hydrated o-Al,Os; and o-Fe;Os have been discussed. Literature IEP values of powdered
samples of a-Al,O3; and o-Fe,O; have been tabulated and compared. The streaming potential
measurements by electrokinetic analyzer on three single-crystal surfaces [oi-Al,O3 (0001) and (1-
102) and o-Fe,Os3 (0001)] have confirmed the differences in IEP values for powdered vs. single-
crystal o-Al,Os, and have shown clear evidence for such differences in the case of a-Fe,Os.
Such differences have also been found in surface charge measurements of single-crystal and
powdered forms of more soluble solids like fluorite (Fa et al., 2005). The presence of various
types of surface sites, particularly defect sites on particles in polycrystalline (powdered) samples,
may explain the surface charge discrepancies between the powders and the single-crystal
counterparts studied here (see Franks and Meagher, 2003; Franks and Gan, 2007; Zhang et al.,
2008). In particular, our model calculations suggest that differences in surface concentrations of
singly coordinated surface groups play a decisive role in determining the IEPs and explaining the
differences in IEP between single crystals and powders of hydrated Al- and Fe(Ill)-oxides.
Modeling studies of the surface charging behavior of hematite single crystal surfaces by Venema
et al. (1998), Zarzycki et al. (2011), and Liitzenkirchen et al. (2015) also concluded that different
types of reactive surface groups affect surface charging behavior.

The recent study of Liitzenkirchen et al. (2015) on the relationship between measured IEP
values and surface structure, as revealed by crystal truncation rod (CTR) diffraction and AFM
measurements on single crystal o-Fe,Os (0001) surfaces before and after aging in aqueous
solution, showed significant changes in IEP values and surface structure with aging. The

proposed two-domain structural model for the aged hematite (0001) surface likely represents an
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intermediate structure between the fresh two-domain surface and a fully aged, one-domain
(oxygen- or hydroxyl-terminated) surface (cf. Liitzenkirchen et al., 2013). Liitzenkirchen et al.
(2015) interpreted their combined IEP and CTR results for fresh hematite (0001) as indicating a
very flat, weakly hydrated surface. In contrast, they suggest that aged hematite (0001) shows an
increase in “ hydration of the surface with time and enhanced reactivity of singly-coordinated
hydroxyl groups that causes the isoelectric point of the surface to shift to values that are
reminiscent of those typically reported for hematite particles.”

Modeling studies of IEP values of metal oxides based on estimated proton affinities and
assuming certain concentrations of singly or multiply coordinated surface (hydr)oxo groups
predict IEP values that deviate from those determined experimentally (e.g., Venema et al., 1998;
Zarzycki and Preocanin, 2012; Chatman et al., 2013; Shimizu and Boily, 2014). A similar
statement can be made concerning the difference in measured IEP values of single crystal
surfaces and those predicted using the Sverjensky model based on bond valence and solvation
theory (Sverjensky, 1994). These observations suggest that, in addition to surface defects, other
factors affect IEP values, including long-range electrostatics that average site specificity
(Zarzycki, 2007), differences in sample preparation methods and methods used for IEP
determination (Liitzenkirchen et al., 2015), differences in crystal morphologies (Venema et al.,
1998), surface compositions (Franks and Gan, 2007), sample aging in aqueous solutions
(Liitzenkirchen et al., 2013, 2015), and possibly differences in particle size in the nanoparticle
size range (Vayssieres, 2009 and Table 3).

Although an interesting new model for the IEP value of single-crystal a-Al,O; (0001)
based on auto-photolysis of interfacial water has been proposed by Liitzenkirchen et al. (2010),

we question the universal validity of the hydrophobicity of metal-oxide surfaces (Gentleman and
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Ruud, 2010) assumed in this model based on recent high pressure XPS studies of the interaction
of water with single crystal metal-oxide surfaces such as MgO(100) (Newberg et al., 2011a;
Newberg et al., 2011b; Newberg, 2014) and a-Fe,03(0001) (Yamamoto et al., 2010). These in
situ XPS studies show that surface hydroxylation can be correlated with the build-up of multiple
layers of molecular water on these surfaces.

The results of our modeling study parallel the earlier efforts of Venema et al. (1998) to
predict the proton affinity of reactive surface sites on the (001) and (110) surfaces of hematite
crystals based on potentiometric titrations and MUSIC modeling of proton affinities assuming a
structure for selected surface sites. However, in the present study we based our modeling on
measured average structure (Trainor et al., 2004) of the hydrated (0001) hematite surface and our
surface charging measurements were made on single crystals that were prepared in the same
manner as used in our earlier crystal truncation rod x-ray diffraction measurements (Trainor et
al., 2004). More systematic IEP studies of powdered samples of metal oxides of different sizes
and morphologies, but with well-characterized surface properties and compositions, are required
to verify if the IEP variations are caused by varying particle size (cf. Vayssieres, 2009; Ridley et
al.,, 2013). Our model calculations suggest, however, that increased concentrations of singly
coordinated surface groups on hydrated a-Al,O; and o-Fe,Os particle surfaces, which should
increase with decreasing particle size in the nanoparticle size range, should result in higher IEP
values.

The recent study of Liitzenkirchen et al. (2015) found that an aged a-Fe,Os (0001)
sample with an [EP value of 9 has less singly coordinated surface groups (32%) than the fresh o-
Fe,O3 (0001) sample with a dramatically lower IEP value of 4 (56%). Although this finding

appears to contradict our claim that an increase in singly coordinated surface groups results in a
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higher IEP value, the singly coordinated surface groups on the aged o-Fe,O3 (0001) sample have
much shorter Fe-O distances and much more adsorbed and spatially ordered water than the fresh
samples. Based on these differences, Liitzenkirchen et al. (2015) suggest that the much higher
reactivity of the singly coordinated surface groups of the aged sample causes the IEP of the aged
sample to be significantly higher.

Although single-crystal surfaces are not as relevant to natural systems as their
polycrystalline or nanocrystalline counterparts, they represent a base model system that allows us
to account for differences in average surface structure determined by crystal truncation rod
diffraction studies (Eng et al., 2000; Trainor et al., 2002, 2004; Tanwar et al., 2007). The
knowledge gained about the surface structures of single crystals can be used in explaining their
different reactivities to water and to metal ions and/or pollutant species. In contrast, detailed
surface structures of small particles, especially nanoparticles, have not been measured
experimentally as no experimental methods are yet available to provide structural details.

Differences in charging behavior of mineral surfaces caused by differences in structure
and/or composition, including the effects of microbial biofilm and/or natural organic matter
coatings, can have significant impacts on their electrostatic interactions with metal ions and/or
pollutant species. The surface charges of Fe- and Al-(oxyhydr)oxides are typically positive at
neutral pH, with IEP values in the range of 8-9 for polycrystalline powders and nanoparticles,
and in the range of 4-7 for single-crystal surfaces studied here (Parks, 1965; Sverjensky, 1994;
Franks and Meagher, 2003). In contrast, the surface charge of bacteria is negative in most cases
under neutral pH conditions (Yee et al., 2004). Therefore, bacteria and microbial biofilms can
potentially compete with mineral surfaces for metal-ion sorption and/or result in more negatively

charged mineral surfaces (Wang et al., in press). A better understanding of surface charge
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properties is essential for predicting relative differences in metal-ion sorption behavior in

complex systems such as microbe/metal-oxide/water systems.
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Table 1: Isoelectric point (IEP) values of single-crystal a-Al,O3 (0001), a-Al, O3 (1-102), and o
Fe,O3 (0001) surfaces.

Surface Methods IEP References
a-Al,O3 (0001) Streaming potential and AFM 4.2 Larson et al., 1997
a-Al03 (0001) Second harmonic generation and 4.8-5.4 Stack et al., 2001

AFM
a-Al;,03 (0001) Streaming potential and AFM 5.0 Franks and Meagher, 2003
a-Al,O3 (0001) Second harmonic generation 4.1 Fitts et al., 2005
Sum-frequency vibrational
a-Al;,03 (0001) 6.3 (£1.2) Zhang et al., 2008
spectroscopy

(X'A|203,
orientation not AFM (plasma treated) 9.3 Veeramasuneni et al., 1996

specified
a-Al,O3 (0001) AFM (plasma treated) 8.5 Tulpar et al., 2005
a-Al,03 (0001) AFM (without plasma treatment) 5-6 Tulpar et al., 2005
a-Al,O3 (0001) Streaming potential 4 Litzenkirchen et al., 2010
a-Al,O3 (0001) Streaming potential 4.5 This study
o-Al,O3 (1-102) Streaming potential and AFM 5.85 Franks and Meagher, 2003
o-Al,O3 (1-102) Second harmonic generation 5.2 (20.4) Fitts et al., 2005
a-Al,O3 (1-102) Streaming potential 5.1 This study
o-Fe,O5 (0001) Streaming potential 6.5 This study
o-Fe,O3 (0001) Scanning force microscopy 8-8.5 Eggleston and Jordon, 1998
o-Fe,O5 (0001) SCrE Cyclic Potentiometry 8 Zarzycki et al., 2011
o-Fe,O5 (0001) SCrE Cyclic Potentiometry 8.1-8.4 Liitzenkirchen et al., 2013
o-Fe,O5 (0001) SCrE Cyclic Potentiometry 8.35 Chatman et al., 2013
a-Fe0, (0001 | SCTE Cyelic Potentiometry and Zeta | Liitzenkirchen et al., 2015

potential
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Table 2: Compositions and pK, values of surface functional groups on single-crystal o-Al,O;

(0001) and (1-102) and o-Fe,O3 (0001) surfaces.

Surface group

a-Al,O5 (0001)

o-AlO3 (1 -1 02)

a-Fe O3 (000 1)

Present” pKa* Present” pKa* Present” pKa*
(Me)OH,™? No Yes 10.0 Yes 10.6
(Me),OH, " Yes -1.5 Yes -1.5 Yes -0.2
(Me),OH Yes 12.3 Yes 12.3 Yes 13.6
(Me);OH™” No Yes 2.2 Yes 4.3

*pKavalues estimated using the classical MUSIC model (Hiemstra et al., 1989; Venema et al.,

1998).

*Predominant surface functional group based on previous CTR diffraction studies (Eng et al.,

2000; Trainor et al. 2002; Trainor et al., 2004; Tanwar et al., 2007).
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922
923 Table 3: Isoelectric point (IEP) or point of zero charge (PZC) of hematite polycrystalline
924  powders with known surface properties. SSA = specific surface area, D,,, = average particle
925  diameter.
926
Surface Methods and Experimental Conditions IEP References
a-Fe,0;, synthetic Spherical, SSA=4.6 ng'l, D,y =250nm, IEPs by coagulation 8.6 Honeyman and Santschi,
from chloride and titration methods ’ 1991
— — -
0-Fe,0s, synthetic Dyye=77£3nm, 10~ mol dm™~ KCI, IEPs by classical
fromzch3lor?/de electrokinetic methods 9.2 Zhang and Bulffle, 1995
FerO theti Matijevic and  Scheiner’s methods, SSA=16.7m’g",
g' €2 h31’ Syél etie D,y¢=100nm, spherical uniform particles, 0.01-1 mol dm™ 9 Gunnarsson et al., 2001
rom chlonde NaNOj;, T=25°C, IEPs by titration at cip and by Acusto
0,
Z‘ﬂFeZS%E%:%” | Das307£1850m, 107 mol dm NaCI, T=25°C, IEPs by | o o
antic Equipmen classical electrokinetic methods ’ Kim and Walker, 2001
Engineers
D,,;=1000nm, SSA=9.04 m’g”', washed, 0.IN NaOH 24h,
o-Fe,03, synthetic, DDW, 0.1N HCI 24h, then DDW, 11 times, 0.001-0.1 mol
J.T. Baker dm ™ NaCl, IEPs by classical electrokinetic methods and by 8.5/8.5 | Jeonetal., 2001
titration
SSA=8.4 m’g", Dyyg~ 5 pum, 0.03 mol dm™> NaCl, IEPs by
classic electrokinetic methods (Zeta-Meter 3.0) and by
- . . . P 1., 2004
0-Fe;05, Alfa Aesar acousto  (DT-1200  Acoustic and  Electroacoustic 6.5 an et al., 200
spectrometer)
0-Fe, 03, synthetic Monodispersed, Dsy=96nm, T=23°C, IEPs by classic .
from FeCls electrokinetic methods (Brookhaven ZetaPlus instrument) 10 Kirwan et al., 2004
0-Fe-On. svnthetic By Matijevic and Scheiner’s methods, SSA=20.75m’g”',
2% 5 Dy=198.70m, 0.01 mol dm> NaCl, T=25°C, IEPs by | 8.5 | Chibowski et al., 2005
from FeCly s .
Malvern Zetasizer 3000
a-Fe,03, synthetic SSA=28.3 + 0.7m2g'1, Dyyg=119 £ 29nm, spherical particles, 95 Christl and Kretzschmar,
from FeCl, 0.005-0.5 mol dm > NaNOs, IEPs by titration at cip ) 1999

958

929

Revision 2—-May 3, 2016

37

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld




930

931

932

933

934

935

936
937
938
939
940
941
942
943

944
945

946

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5531

Revision 2—-May 3, 2016

— 30

S I —a— FEC

E 2+ —e— ALC

— r —a— ALR

O

b} 10 B

: -

S o}

0

O ol

O

IE 20 |

£ -

(1]

Q -30

sl

w _40 1 1 1 1 1 1 1
3 4 5 6 7 8 9

pH

Figure 1. Streaming potential values as a function of pH for three metal-oxide single-crystal surfaces:
FEC is the a-Fe,O; (0001) surface, ALR is the o-Al,O5 (1-102) surface, and ALC is the a-Al,O3 (0001)
surface.
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Figure 2a. (Left) Atomic force microscopy (AFM) image of the a-Fe,O3 (0001) surface after chemical-
mechanical polishing and before streaming potential measurements. (Right) Roughness profile measured
by AFM along the traverse shown in the image to the left.
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Figure 2b. (Left) Atomic force microscopy (AFM) image of the a-Al,O3 (0001) surface after chemical-
mechanical polishing and before streaming potential measurements. (Right) Roughness profile measured
by AFM along the traverse shown in the image to the left.
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Figure 3. (a) Distribution of measured IEP values of alumina polycrystalline powders reported in the
literature (total of 83 references — see Kosmulski, 2001, 2004, 2006, 2009a, 2009b, 2009¢c for
references). (b) Distribution of measured IEP values of hydrated hematite powders in the literature (total
of 96 references — see Kosmulski, 2001, 2004, 2006, 2009a, 2009b, 2009c¢ for references).
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Figure 4. Simulation of surface charge (valence units expressed as pmol/m?) of the o-Al,O;
(0001) surface as a function of pH. Total concentration of doubly coordinated groups = 5
umol/mz. Defects were assumed to be singly coordinated groups with concentrations expressed
as percentage of the total concentration of the doubly coordinated groups. The pK, values used in
the calculations are listed in Table 2, and no electrostatic model was applied
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Figure 5. Simulation of surface charge (valence units expressed as umol/m2) of the a-Fe,O3
(0001) surface as a function of pH. The legends denote the concentrations in wmol/m” of singly,
doubly, and triply coordinated surface groups, respectively. The pK, values used in the
calculations are listed in Table 2 and no electrostatic model was applied.
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