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Limitations of the potentiometric titration technique in determining the proton active site

The site density (SD) of mineral surfaces is a fundamental
property from different points of view:
(1) Mineral surfaces as scavengers for toxic solutes may
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Abstract—Density of proton active surface sites at mineral surfaces is a property of fundamental importance
in equilibrium modeling of surface complexation reactions. In this article, methods for an experimental
determination of these sites at the surfacexdfeOOH (goethite) are explored. It is shown that previously
obtained saturation data of goethite with respect to protons do not yield a site density that can be considered
as an intrinsic sorbent property: the results are below crystallographically expected values and values for
different ionic media in terms of composition and concentration yield different numbers—for example,
chloride would yield higher values than nitrate at the same concentration, and higher electrolyte concentration
would favor higher apparent maxima. Although site saturation might be explained by electrostatic repulsion,
which is more efficient at high electrolyte concentration or for certain ions, further independent experimental
results show that no saturation occurs on goethite down te phlog[H™] = 2.2 and possibly to pk 1.0

in 0.6 M NaCl. For those very low pH values, the experimental charging curve was obtained by coulometric
back titration (using the Gran plot) or titrations with tris (hydroxymethyl)-aminomethane of the supernatant
of acidified goethite suspension. These experimental data are to our knowledge the first high quality data at
such low pHs. However, small errors in the determination of proton concentrations (1%) are shown to strongly
affect the shape of the charging curve forg2. Furthermore, goethite dissolution (proton consumption and
iron reduction in coulometric titrations) and liquid junction effects interfere at low ph, hampering the
straightforward application of coulometric Gran titrations over the whole pH range. From these experiments,
it can nonetheless be ascertained that a minimum of 2.5 protohsémmbe adsorbed at the goethite surface
from the point of zero charge (ph 9.4) to pH 0.9. Although these studies are restricted to goethite, those studies
in which titrations with excess acid and base have been used for the determination of proton active site
concentrations of sorbents should be reconsider@bpyright © 2002 Elsevier Science Ltd

1. INTRODUCTION to estimate the number of proton active sites by titrating
particles with excess acid or base. From these experi-
ments a saturation level of proton or hydroxyl adsorption

has been reported (e.g., Schindler and Kamber, 1968;

exhibit maximum adsorption densities that are strongly
related to the SD when adsorption occurs via surface
complexation (SC). Sorption beyond the threshold im-
posed by a SD is controlled by other mechanisms.

(2) Values of SD are required in surface complexation mod-

els (SCMs) where all other modeling parameters are in

Lévgren et al., 1990; Hoins, 1991; Hoins et al., 1993;
Marmier et al., 1993; Pivovarov, 1998).

(2) Colloid scientists (e.g., Yates, 1975) are traditionally

interested in particle charge with the objective of
quantifying particle stability. Their approach to the SD
of particles has been to either estimate it from crys-

principle related to it.

Unfortunately, literature values of SD for a given mineral
phase are commonly spread over a wide range.

Major discrepancies between different schools of thought
mainly stem from their different “historical” backgrounds. This
is readily observed for the case of the determination of SD in
the past three decades:

(1) Solution or coordination chemists, such as Schindler and

tallographic considerations or from experimental tri-
tium exchange data. Both values are usually in good
agreement but this treatment typically disregards prob-
able differences in chemical reactivity among the dif-
ferent surface groups expected on a certain solid. This
point is improved by the work of a group in Wagenin-
gen (Hiemstra et al., 1989) by explicitly distinguishing
between different sites, such as singly, doubly, and

Stumm (1987), have developed the mainframe of SC
theory as it is still applied today by coupling mass law
equations with theories of the electrical double layer.
This accounts for the observed charge dependence of the
SC equilibria. Their treatment of the SD parameter was

triply coordinated surface oxygens, and their respec-
tive reactivities.

(3) Another possibility would be to use the SD parameter as

an adjustable one and to fit it to experimental data, which
is not uncommon (e.g., Johnson, 1990; Boily and Fein,
1996; Daughney and Fein, 1998); the problems associ-
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(4) Measured maximum adsorption densities have been sum-

marized (Dzombak and Morel, 1990) and averaged.

Usually one of the available options is “chosen” and then
applied to multicomponent systems (e.g., Dzombak and Morel,
1990; Sahai and Sverjensky, 1997; Sverjensky and Sahai,
1998). Unfortunately, the numbers obtained by the different
approaches can differ by more than one order of magnitude.
Most unfortunate is that all the different options typically result
in models that are capable of describing adsorption data in
simplebinary and ternary systems. Thisleaves anyoneinvolved
in SC modeling in a very unfortunate situation, not only be-
cause the parameters are interrelated, and thus stability con-
stants for surface complexes will depend on the chosen SD, but
also because there is at present no rule how to obtain SD’s.

A survey of the literature of SC modeling reveals that this
fundamental problem has received not more than speculative
attention. Koretsky et al. (1998) have made a careful review of
much of the available literature. Experimentalists rely on the
low values they find by saturating the surface with some probe
(most frequently by protons, resulting in the proton-active site
density, or PASD), whereas others, who believe in, for exam-
ple, crystallographic values, speculate about the experimental
problems involved in such saturation experiments. Maximum
proton adsorption at levels far below the crystallographically
expected maximum charge might be explained by the electro-
static repulsion that may occur under high surface charge
conditions. Better shielding of positive surface charge by
changing either the nature of the anion in the background salt
at constant ionic strength (from nitrate to chloride) or increas-
ing the ionic strength should then result in increasing saturation
values. As a consequence the PASD parameter (as determined
in this way) would not be an intrinsic particle or sorbent
property. Surface complexation parameters based on such
PASDs would have very limited applicability because of the
existing parameter interdependencies. On the basis of this sur-
vey of the current treatment of SDs it seems necessary to
attempt a clarification of the results obtained with the so far
applied experimental approaches. This must concern the meth-
ods themselves and details in the treatment of raw data. In this
article, we discuss the titration method, which we have adopted
in our laboratory. For goethite, this approach had been thought
to be corroborated by several observations. The equilibration
time in the postulated saturation pH region is usualy very
short, typically within 15 min at pH below 3, whereas equili-
bration times may be much longer at higher pH (Lovgrenetal.,
1990). Also, anion adsorption maxima of strongly bound an-
ions (e.g., phosphate, arsenate) are often found at ratios of ~0.5
or 1.0 with respect to the obtained site concentrations (e.g.,
Nilsson, 1995; Laiti, 1996).

Other aspects have indicated that the presence of a saturation
level might be afeature that deserves detailed attention. Nilsson
(1995) reported that proton uptake on goethite in the presence
of phosphate was higher than expected from the previously
determined PASD. Gunneriusson (1993) found that PASD was
~10% higher in 0.1 mol/L NaCl than in 0.1 mol/L NaNO;

The determination of PASDs with excess titrant involves
work under extreme pH conditions: either very acidic (e.g., for
goethite at pH < 3) or very akaline (e.g., for silicaat pH >
11). At low pH, the amount of adsorbed protons can be a very
small fraction of the total concentration of protons in the

system; one therefore runsinto the problem of subtracting large
numbers. At high pH, not only does the same hold for the base
additions, but also glass electrodes usually reach their limit. In
addition, depending on the time scale of the experiment, dis-
solution of the suspended particles can perturb the proton
balance. Back titrations of supernatants of acidified goethite
suspensions, as a means to determine the free proton concen-
tration, will then be a better option than in situ potentiometric
titrations.

On the basis of the fundamental importance of SD and the
existing uncertainty on how to determine this property, the
research reported in this article was intended to check the
proton saturation level by carrying out saturation experiments
at different ionic strengths, to test the electrostatic repulsion
hypothesis, and to corroborate the existence of the adsorption
maximum by back-titrating the supernatant of acidified goethite
suspensions. Although this is only done for goethite we hope
that our new experimental results help toward a more unified
approach in PASD determinations for metal (hydr)oxides in
general.

2. EXPERIMENTAL
2.1. Materials and Methods

All solutions and goethite suspensions were made from deionized
and boiled water at total ionic strengths of 0.05, 0.1, 0.6, and 2.0 mol/L
NaCl (Merck, p.a, dried at 453 K) and NaNO; (Merck p.a, dried at
353 K). Stock solutions of HCI (Merck, p.a.) and HNO; (Merck, p.a),
standardized against tris (hydroxymethyl)-aminomethane (Trizma
base), were used to prepare all titrants in the eight different ionic media
at acid concentrations not exceeding 10% of the total ionic strength. We
define ph as —log [H*], where h = [H™], well noting that we are
working in a proton concentration scale.

In this study, three different batches of goethite (G) were used. G-I
was prepared and aged as described in detail earlier (Lovgren et al,
1990). Another batch, G-I, was prepared by using the procedure by
Hiemstra and van Riemsdijk (1996). The third sample, G-llI, was
supplied in dried form by Alexander Robertsson (Department of Civil
Engineering, Stanford University), and had been synthesized according
to Van Geen et al. (1994). The surface area of the different goethite
batches is ~25 to 40 m?/g for G-I and G-III and ~90 m?g for G-I.

Two types of experiments were carried out: (1) potentiometric titra-
tions of goethite suspensions in different ionic media in terms of
composition and salt concentration; and (2) Gran (Gran, 1952) titra-
tions of supernatant samples obtained from centrifuging/filtering sus-
pension samples or after settling of particles after equilibration of the
suspension. Experiments carried out at high ionic strengths on concen-
trated suspensions of particles of large surface area were especialy of
value to study proton uptake at low ph as the concentration of protons
consumed by the surface is larger, thereby reducing errors caused by
subtracting large values of total and free proton concentrations.

2.1.1. Potentiometric titrations

The experimental setup has been described in detail elsewhere (e.g.,
Sjoberg and Lovgren, 1993). Continuous potentiometric titrations of
goethite suspensionsin NaCl and NaNO; were carried out as described
in Lovgren et a. (1990). Gran titrations of the supernatants of acidified
goethite suspensions were carried out by coulometrically generated
hydroxide ions. This approach turned out to be an important step to
acquire high-quality data because preliminary attempts that used dilute
standardized NaOH yielded larger errors.

2.1.2. Preparation of samples for Gran titrations

Three options were chosen to obtain experimental data on superna-
tant samples, which could be analyzed by Gran plots:
(1) Samples from several continuous titrations were taken at differ-
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ent volumes of acid added in the assumed region of maximum
proton adsorption according to Lovgren et a. (1990) and Gun-
neriusson (1993). The ph of the samples was determined by Gran
titrations of the supernatant with a standardized base or a cou-
lometer. The volumes of the supernatant samples varied from 5
to 20 mL. Therefore, to obtain the necessary volume in the
titration vessel (so that the electrode, salt bridges and platinum
net of the coulometer would be immersed), known volumes of an
electrolyte solution of known proton concentration were added.
The sample dilution could cause an undesired uncertainty.

(2) A suspension was prepared and taken to a desired ph. The
suspension was alowed to equilibrate for at least 24 h and then
allowed to settle. A sample from the clear supernatant was
titrated coulometrically. Sample volumes were usually 40 or 50
mL. Reversibility of the overall charging curve was tested in
these systems and it was concluded that proton adsorption even
a the very high proton concentrations was reversible within
expected experimental errors. With this method, data over the
whole range of ph were obtained to ensure that the experimental
procedures would give data in agreement with continuous titra-
tions for ph > 3.

(3) The suspensions were prepared as in the last method except that
the samples were centrifuged after some minutes of equilibration.
Those in the range 0.9 < ph < 1.6 were centrifuged after 2 to 4
min, whereas those at 1.6 < ph < 3.0 were centrifuged after 15
min. Samples (30 mL) in the ph range 1.6 to 3.0 were analyzed
by coulometric Gran titrations. Those in the ph range 0.9 — 1.6
were analyzed by titrating large volumes of tris (hydroxymeth-
yl)-aminomethane solutions with a manual burette with methyl
red as an end point indicator.

Option 1 was carried out with samples from 0.1, 0.6 and 2.0 mol/L
NaCl suspensions of different goethite preparations. Options 2 and 3
were carried out only on the high surface area goethite in 0.6 mol/L
NaCl. Concentrations of dissolved Fe(lll) were determined by vis
spectrophotometry (Shimadzu UV-2100) at 480 nm with the thiocya-
nate method (Vogel, 1978).

2.1.3. Data treatment

Data treatment of the raw titration data was performed with MAJO,
a program developed in our laboratory (Magnus Karlsson and Johan
Lindgren, personal communication). The basic equation for the treat-
ment of the experimental raw data is the following:

E =E, + glogh + E,. (€]

E is the measured potential (mV), E; is the standard em.f. of the cell,
and h isthe free proton concentration, implying that all results reported
here were obtained on the concentration scale. In Egn. 1, g is the slope
of the electrode, and E; (mV) is the liquid junction potential (see
below). The value of g is here taken as the theoretical Nernstian one
(59.16 mV), which has been checked for the setup by comparing the
glass electrode with the hydrogen gas electrode. Thus, for every titra-
tion, experiment E, remains to be determined. This can be done by
titrating solutions of known concentration of acid with standardized
NaOH solutions or coulometrically generated hydroxide ions or by
titrating suspensions with excess acid — that is, under conditions where
any reaction except those between hydroxyls, water, and protons can be
excluded, which is a valid assumption where saturation of particles
with protons occurs. A complication in the use of Eqgn. 1 arises through
the liquid junction potentia, E;, which in acidic solutions is linearly
related to the concentration of protons by

E, = Jsh. (]

It is therefore necessary to solve Egn. 1 numerically at low ph. The
parameter J.. is ionic strength dependent and has been determined by
Sjoberg et al. (1983) for arange of NaCl concentrations. These param-
eters are applied in this study. For higher ionic strengths, the absolute
values of J. are smaller (J,. = —49.7/l mV), and the influence of the
liquid junction potential on extracted ph is shifted to more acidic
situations. As will be seen, besides the increased proton uptake, thisis
an advantage of experiments at high ionic strength.

All raw data were preliminarily treated with respect to phg,q, — that

is, the ph of asuspension for agiven solid concentration and electrolyte
concentration and composition. The phg,g, Was usually found to be
around 8.5. A solid titration with sample G-I11 indicated an increase of
phg,e With increasing solid concentration. The resulting site concen-
trations in the preliminary treatment have been assumed to correspond
to the proton uptake between phg,q, and the expected onset of the
maximum uptake (ph = 3) based on Lovgren et al. (1990). Data can
then be normalized by applying Egn. 3:

AZ = (H — h + [OH)/[=FeOH] 3

where H is the total concentration of protons in the systems (mol/L),
relative to the ph of suspension, h is the free proton concentration, and
[=FeOH],, is the proton active site concentration (mol/L) determined
by the forced plateau at 2.7 < ph < 3.0. In this fashion, AZ = 0 at
phg,e = 8.5; note that thisis not the point of zero charge. Alternatively,
we may use the point of zero charge of goethite at pH = —log a,+ =
9.4 (Baily et a., 2001) to plot the absolute surface charge density (o)
in terms of C/m?.

Gran titrations can also be treated directly by the MAJO program. In
the Gran plots from option 2a, substantial number of data points were
obtained (>50 data points per Gran titration). These curves were
strictly linear until the equivalence point. For very low ph values, they
were nonlinear as a result of liquid junction potential, reduction of
ferric ions from the proton-promoted dissolution of goethite in the
coulometric titrations, or both. For each Fe(lll) ion found in the
supernatant solution, three protons were assumed to have been con-
sumed, and one electron added in the coulometric titrations was as-
sumed not to have been generating hydroxide. Liquid junction param-
eters estimated from some of these curves or on blank titrations (to
check titrant concentration coulometrically) agreed very well with
those published by Sjoberg et a. (1983).

Finally, all speciation calculations were performed with a modified
version of FITEQL 2.1 (Westall, 1982) elaborated in our laboratory.

3. RESULTS AND DISCUSSION

It has been indicated in the previous section that E, can be
obtained by assuming that only water is reactive. In other
words, every addition of protons to atitration vessel will cause
the corresponding response in free proton concentration. For
goethite, this would alow an in situ calibration of the system,
if a saturation of PASD occurred. This was suggested and
practiced by Lovgren et al. (1990) on the basis of (1) previous
work by others indicating such maximum uptake and (2) the
observation that equilibrium was reached rapidly at ph < 3.

To minimize effects of liquid junction at low ph, we have
included both 0.6 and 2.0 mol/L media. In al the data sets, it
was possible to find a plateau, irrespective of ionic strength
using the method of Lovgren et a. (1990). Figure 1 shows the
site concentrations obtained in this way for the range of ionic
media tested with different goethite samples. The site concen-
tration is larger for larger ionic strengths and is larger in NaCl
than in NaNO;. Renormalization to the true pzc does not affect
the tendencies. From these results, which are in agreement with
an electrostatic effect on site saturation, it can be concluded that
aPASD of goethite, which is obtained by titration with excess
acid, is not an intrinsic sorbent property. It must rather be
considered as a conditional parameter that depends on medium
concentration and composition. Thisis a very important result,
as it invalidates the physical relevance of related parameters,
such as capacitances and stability constants, in these SCMs.

With respect to the liquid junction potentials we have to add
that, asindicated by Sjoberg and Lovgren (1993), the tips of the
salt bridges used with suspensions in our laboratory have a
shape that differs from those used by Sjdberg et a. (1983). This
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Fig. 1. Concentrations of proton uptake between ph,,. — ph; for
goethite obtained from titration with excess acid after treatment of the
raw data as described in the text as a function of ionic strength and
medium composition. Results are from three different batches of G-I
(different symbols used for the respective batches) at total initial solid
cozncentrati ons of 10.8 g/L; specific surface area is between 25 and 40
m/g.

might cause a small change in J,.. However, the high ionic
strength results should be free of liquid junction interference.
The “apparent” saturation in 2 mol/L NaCl should extend from
ph = 3 down to ph = 2.2 without interference of liquid
junction, on the basis of the parameters from Sjoberg et al.
(1983). However, a plateau over the whole range of ph could
not be obtained. In this respect, the onset of the saturation can
only be assumed to occur in 2.0 mol/L at thesameph asin 0.1
mol/L. Thedatain 2.0 mol/L did not indicate a plateau at ph >
3.0. Below this value, a cooptimization of Ej and site concen-
tration with the MAJO program yielded parameter sets that
depend on the range of experimental data used. Assuming that
the onset of the plateau always occurred at ph < 3.0, one would
obtain even larger ionic strength effects that what is shown in
Figure 1.

Because liquid junction effects are of minor importance at
high ionic strengths, it is clear that the ph range used for an
optimization of E, influences both the cooptimized proton
active site concentration and E,. Sensitivity analyses indicated
that the existence of a plateau cannot be verified by this kind of
data treatment. For the lowest ph values (2.2 < ph < 25),
small variations of E, can transform a plateau into a charging
curve of increasing or even decreasing surface charge with
decreasing pH. Although in the absence of goethite dissolution,
the measured potentials in suspensions at ph < 3.0 are stable
within 10 min on hundredths of amillivolt, we do not claim that
E, can be determined with that precision. Comparison of ex-
ternal cdibration (in ahomogeneous solution—i.e., ex situ) and
internal electrode calibration (in suspension—i.e., in situ)
shows variations in E; =< 0.6 mV, corresponding to 0.01 ph
units. From the resultsin 2 mol/L NaCl, the effects of E, would
be expected to hold at even higher ph, so that the experimental
method, and the subsequent data treatment, clearly reach their
limits with suspensions at low pH. However, it isimportant to
add at this point that, except in 0.05 mol/L, variations in E, of
+ 0.6 mV do not affect data at ph > 3.0 in all cases tested
(~100 data sets).

12
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Fig. 2. Proton consumption function as a function of ph for different
goethite preparations and effect of the calibration procedure (see text
for details). AZ, defined by Egn. 3, isequal to 0 at the ph of suspension
(phg,sp) Of the washed goethite preparation, which is not the point of
zero charge (ph,,,). Goethite G-I was prepared and treated as in
Lovgren et al. (1990) G-I was prepared as described by Hiemstra and
van Riemsdijk (1996). G-111 was prepared as goethite G-1 but freeze-
dried (courtesy Dr. Bargar).

The experimental insight gained by the reported results is
supported by recent Monte Carlo simulations of titrations
curves of humics, where it is shown that the errors at the
extreme ends of the titrations became larger (Smith et al., 1999)
for the respective conditions.

It is now clear that the treatment of the titration data causes
a saturation that is entirely based on the assumption that,
besides the autoprotolysis of water, no other reactions are
taking place, and that E, is close but not equal to the externally
determined value. Thiswas verified by a determination of Ej in
two ways but on one titration data set. The experiment was
started by a titration allowing an ex situ calibration in the
absence of particles (yielding E,;). Then the goethite suspen-
sion was added and aftitration was carried out to low ph, so that
a calibration in the presence of particles could also be per-
formed (yielding E,;;). The use of these two values the charg-
ing curve could result in different situations. (1) By applying
E,,; to the goethite data, we generally did not observe a satu-
ration with protons at | = 0.1 mol/L for 2.6 < ph < 3 (cf. Fig.
2). (2) Ey; results in a plateau because the assumption is that
no proton uptake occurs (cf. Fig. 2).

With the whole series of experiments, it was found that E;
differed from Ey; by = 0.6 mV. The lower the ph, the more
sensitive is the existence of a plateau to the value of E,.
Therefore, with the problems related to the calibration in mind,
the existence of a plateau with purely chemical significance can
be questioned.

The coincidence of the AZ plots for the different goethite
samples does not indicate that the surface charge of these
samples are identical. On the contrary on the surface charge
density vs. ph plot G-Il has alower charge. The normalization
by the AZ notation results in overlapping curves because the
relative surface charge curves are straight lines that are nor-
malized by the value at ph = 3. Figure 2 therefore provides the
information that the drift criterion used with our setup gives
straight linesfor all goethite samplesat | = 0.1 mol/L, whereas,



Limitations in determination of proton active site densities

0.5
o
0.4 ° - ——
© corrected
03 "Euu ll o uncorrected:
&
E o
S 0.2
8 1=06M a
0.1 |~ (Na constant) —
a
0.0 5]
]
-0.1
1 3 5 7 9 1

ph

Fig. 3. Absolute surface charge density obtained by titrating super-
natant samples (long equilibration times, settling of particles). Titra-
tions were either performed coulometrically (ph < 6) or with acid (ph
> 6). All titrations were performed on one sample of goethite. G-
uncorrected data indicate that dissolved iron (l11) is not taken into
account; corrected data indicate that dissolved iron (I11) is accounted
for as described in the text.

for example, Venema (1996) reports some curvature for G-Il
around the PZC with the less severe drift criteria and setup
used.

It should also be noted that the results presented up to this
point cannot be taken as proof of the absence of a proton
adsorption maximum that is less than crystallographic values.
We have therefore investigated this possibility by attempting to
obtain proton saturation at lower phs by using a different
approach. To obtain the most favorable experimental condi-
tions, a high-surface-area goethite (G-11) was used. Realizing
that the data at low ph have to be obtained with high precision
to alow an assessment of saturation values, the experiments
conducted with respect to the saturation phenomenon consisted
in back titrations of supernatant samples collected at low ph.
The raw data can be treated in a simple Gran plot (in the
absence of particles), which provides very accurate free proton
concentrations. Experiments performed on small samples via
the coulometric approach (option 1) always resulted in proton
uptake higher than the “apparent” plateau. Therefore, a series
of experiments was carried out using favorable conditions of
high ionic strength (0.6 mol/L NaCl), high specific surface area
goethite, and high solid concentration. Coulometric titrations
and titrations with tris (hydroxymethyl)-aminomethane of su-
pernatant samples of such suspensions revealed an ongoing
proton uptake in the range 2.2 < ph < 0.9 without a clear sign
of saturation, as is shown in Figures 3 and 4 , respectively.

To our knowledge, these are the first data obtained with the
mentioned precautions for such acidic conditions. The data
corroborate that the previously discussed plateau was “forced”
on the data in the treatment and that the experimental window
using the continuous titrations should be closed for ph < 3 for
these suspensions. Values at ph < 2.2 (shown in Fig. 3) should,
however, be considered with care as Fe(lll) was found in
solution. Proton uptake experiments at low ph are likely to be
in dynamic equilibration, whereby the kinetics of proton ad-
sorption are significantly faster than those of goethite dissolu-
tion. The concentrations of dissolved Fe(l1l) were all near or
below the detection limit of the analytical method—that is, near

3393
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Fig. 4. Absolute surface charge density obtained by titrating super-
natant samples (short equilibration times, filtration of particles). Titra-
tions were either performed coulometrically (ph > 1.5) or with Tris (ph
< 1.5). Titrations were performed on individual samples of G-Il and
when errors are given in triplicate.

the micromolar concentrations—and thus all well below the
maximum solubility concentrations. The proton balance, cor-
rected for the concentration of dissolved Fe(lll) through goe-
thite dissolution and the reduction of Fe(lll) to Fe(ll) in the
coulometric titrations, was not significantly affected from those
results (Fig. 4). Figure 4 also shows errors of 1% in free proton
concentration to have a strong effect on the calculated proton
consumption at ph < 1.5. The mean values nonethelessindicate
the uptake of protons to continue down to ph = 1.5. More
uncertain is the data down at ph = 0.9 where dissolved Fe(l11)
has some additiona influence on the outcome of the results
without, however, providing contradictory evidence to contin-
uous protonation of the goethite surface.

At very low ph, the ionic strength deviates from 0.6 mol/L.
At ph 0.9 the ionic strength is 0.72 mol/L. Thisimplies that the
activity coefficients also deviates from those valid for 0.6
mol/L. According to the Extended Debye-Hiickel equation with
the parameters of Helgeson, Kirkham, and Flowers (1982) the
activity coefficients differ by 0.003 resulting in a difference in
charge density at ph 0.9 of 0.011 C/m?.

The experimental results strongly suggest that estimations of
the PASD parameter for well-crystallized goethite, at this stage,
are best made from crystallographic information. Imaging of
well-crystallized particles and/or tritium exchange experiments
allow an estimation of the total density of surface hydroxyls
(i.e., the sum of singly, doubly, and triply coordinated surface
oxygens with respect to bulk goethite Fe(l11); cf. Fig. 5). It
should, however, be noted that the MUSIC framework suggests
that not all of these hydroxyls are proton active (Fig. 6).
Because SDs of individual sites should be difficult to find
experimentally we are faced with a problematic situation,
namely a necessary assumption concerning the value of SD.
Recall that this parameter is fundamental and its treatment
should be as unified as possible.

Transmission electron microscopic images show the goethite
particles to be elongated needles with an aspect ratio of roughly
10:1 (Baily et a., 2001). However, given the range of sizes of
the particles, this can only be seen as a rough average. The
terminations of the needles were thus evaluated to represent
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o =FeOHO3-
o =Feg,OHO
v=Fe,O, 05
A=Fe O\HO5+

{001} plane

Fig. 5. Schematic representation of the { 110} and {001} plane of the
goethite surface, along with the distribution and density of singly
(=FeOH%%7), doubly (=Fe,OH%, and triply (=Fe,OH** and
=Fe,0,,°°") coordinated surface oxygens with respect to underlying
Fe(I1l) atoms. The protonation states of these four surface sites was
primordially chosen from the surface protonation model of Hiemstra et
al. (1996), at phy,, for illustrative purposes only.

10% of the total surface area—that is, more or less the upper
limit of our estimations and the value adopted by Hiemstra and
van Riemsdijk (1996). We also choose the {001} plane as
being representative of these terminations bearing in mind that
planes close to this, such as the {021} plane, are dso likely to
be present (Cornell and Schwertmann, 1996). Findly, the
Transmission electron microscopic images show that the { 110}

0.5

|
T
04 :
\‘M | = 0.6 MNaCl

e

crosses: values from Fig. 3 \{
0.1

triangles: (mean) values from Fig. 4
line: MUSIC model prediction }\
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Fig. 6. Simplified MUSIC model prediction of proton uptake on
goethite with singly coordinated sites (3.6 sites/nm?, pK = 9.4), triply
coordinated sites (2.7 sites’inm?, pK = 9.4), symmetric electrolyte ion
pair formation congtants of log(K;, = —0.5), and Stern Layer capaci-
tance of 0.78 F/m? (Boily et al., 2001). Calculations were carried out
with a modified version of FITEQL 2.1 (Westall, 1982) with the Stern
Layer Model to account for surface electrostatics; no parameter adjust-
ment was used.

Table 1. Surface site density on goethite.

Structure {11032 {oo1}2 Total®
=FeOHO5~ 3.0 9.1 3.61
=Fe,OH° 3.0 9.1 3.61
=Fe,0,H%5* 6.0 0.0 5.4
=Fe,0,,%%" 3.0 0.0 2.7

aSites’nm? on the crystal plane.
b Site/nm? on a goethite particle whose surface area is represented by
90% of the {110} plane and 10% of the {001} plane.

plane dominates the surface area of the particles (P. Weidler,
personal communication), an observation in agreement with
Cornell and Schwertmann, 1996). At this point, it can then
become useful to speculate on which site is proton active and
which is not. The SD of singly, doubly, and triply coordinated
surface oxygens on the {110} and {001} planes of goethite are
reported in Table 1. Thetotal SD of =FeOH®>~ is determined
by considering its density on the {110} and {001} plane: 3.0
sitesnm? X 90% + 9.1 sitesnm? X 10% = 3.6 sites’nm?. The
titration data indicate that 2.5 protons/nm? (i.e., 0.4 C/m?) can
be taken up by the goethite surface from ph,, to ph = 0.9. In
asimplified (1 — pK) model, the singly coordinated sites have
a maximum protonation constant of 1/8, = hy,.:

=FeOH®™ + H* = =FeOH,**", )

then only a maximum of half of the sum of singly coordinated
sites—that is, (2.7 + 0.9)/2 = 1.8 sitessnm®>—can be proton-
ated below the pzc. Thiswould leave aminimum 0.7 sites'nm?
unaccounted for, a value that could not be justified by surface
roughness because the goethite surface was shown to be well
crystallized (e.g., Cornell and Schwertmann, 1996). Previous
data on such well-crystallized goethite did not go significantly
beyond 0.2 C/m? (Venema, 1996), 0.22 C/m? (Boily et al.,
2001) or 0.23 C/m? (Rietra et al., 2000), which could still be
modeled by a one-site model. So the present data invalidate
such a single-site approach.

In the complete MUSIC model (Venemaet al., 19964) logB,
is less than pH,,,.. According to this model, the singly coordi-
nated sites are completely deprotonated at the pzc. This means
that 3.6 protons/nm? can be adsorbed to this site, compared
with the experimentally observed adsorption of 2.5 protons/
nm?. Also, in this model, a second kind of site is required to
satisfy the pzc condition. This condition is met with the charges
of the triply coordinated sites, which, according to Venema et
a. (1996a), do not exhibit pH-dependent charge in the pH
range of interest for the {110} face of goethite. In contrast to
Venemaet al. (1996a), Rustad et al. (1996, 2000) proposed that
triply coordinated sites and even doubly coordinated sites are
proton active in the pH range of interest. Despite these contra-
dictions, it can generally be concluded that these sites should
not be neglected in surface protonation models, even if these
may not be proton active. Models of this type are especially
useful to model adsorption reactions at the molecular scale,
where the explicit contributions of each of these sites in stabi-
lizing a surface complex is taken into consideration. On the
other hand, models making use of one generic site representing
the sum of singly, doubly, and triply coordinated oxygens are
likely to make use of best-fitting surface complexes that are not
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necessarily representative of species at the molecular scale. A
crystallographic value of SD coupled in a MUSIC-like frame-
work, where the differences in reactivity of singly, doubly, and
triply coordinated sites are taken into account, is thus likely to
be a promising approach for SC studies at the molecular level
(e.g., Venema et a., 1996b; Boily et a., 2000a—c). In this
fashion, all options can be kept open, such that ions that are
believed to interact with all types of surface functional groups
can be distinguished from those that are believed to be more
selective.

4. CONCLUSIONS

It has been shown that PASD at goethite surfaces will be
underestimated by continuous titrations with strong acids. If
PASD can be determined for some other solid in this way, it
should be done by back-titrating supernatant samples with the
highest precision possible; for acidic solutions a coulometer is
recommended. Our results suggest that the effect of ionic
strength on such PASD values should be considered. For goe-
thite, treatment of raw data that was based on previous sugges-
tions resulted in apparent PASD values that depend on electro-
lyte concentration and composition, making these parameters
not very useful in the search for a comprehensive model.

In this study, we have furthermore established that the goe-
thite surface sites do not saturate in 0.6 mol/L NaCl at pH >
2.2—and most probably not even until pH = 0.9. These results
are in agreement with the MUSIC model and suggest that SDs
calculated from crystallographic information might be a good
estimate for modeling purposes. Furthermore, because there are
several sites involved in the MUSIC model, their individual
SDs cannot be experimentally corroborated for the time being.

At present, there are no specific rulesin choosing a SCM for
a given system. From our point of view, the objective of a
model should constrain the available options. A model with the
objective of including information on the molecular structure of
surface complexes, for instance, should contain as much infor-
mation as possible on the physicochemical aspects of the min-
era surface. Our experimental results strongly suggest that
such models should not make use of low site densities, espe-
cialy considering that proton affinity constants, electrolyte
adsorption constants, and capacitance values can al be corre-
lated to this value. A crystallographic SD used in the MUSIC
framework is therefore likely to be a more successful approach
to predict molecular-scale adsorption on well-crystallized sur-
faces.
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Appendix A.. Absolute surface charge density determined by titrat-
ing individual supernatant samples of G- Il at an ionic strength of 0.6
M NaCl.2

log[H+] o (LC cm-2)
0.936 0.376
1.207 0.368
1.207 0.380
1.207 0.380
1.272 0.365
1.273 0.372
1.273 0.372
1.314 0.355
1.314 0.356
1.315 0.363
1471 0.348
1471 0.348
1.472 0.355
1.691 0.345
1.691 0.345
1.691 0.345
1.793 0.335
1794 0.338
1.794 0.340
2137 0.329
2.167 0.319
2.167 0.319
2.292 0.335
2.357 0.315
2.393 0.318
2.397 0.329
2.409 0.314
2573 0.317
2.575 0.305
2,737 0.296
2.863 0.293
2.978 0.290
3.014 0.288
4.252 0.229
6.841 0.122
8.232 0.040
9.824 —0.011

aTitrations were either performed coulometricaly (pH > 1.5) or
with Tris (pH < 1.5).
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