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Abstract—The surface binding site characteristics and Ni sorptive capacities of synthesized hydrous Mn
oxyhydroxides experimentally conditioned to represent three hydrological conditions—j\infdeshly
precipitated; MnQ, dried at 37°C for 8 d; and Mng., cyclically hydrated and dehydrated (at 37°C) over

a 24-h cycle for 7 d—were examined through particle size analysis, surface acid-base titrations and subsequent
modelling of the K, spectrum, and batch Ni sorption experiments at two pH values (2 and 5). Mineralogical
bulk analyses by XRD indicate that all three treatments resulted in amorphous Mn oxyhydroxides; i.e., no
substantial bulk crystalline phases were produced through drying. However, drying and repeated wetting and
drying resulted in a non-reversible decrease in particle size. In contrast, total proton binding capacities
determined by acid-base titrations were reversibly altered with drying and cyclically re-wetting and drying
from 82 = 5 umol/n? for the MnQ,,, to 21 = 1 wmol/n? for the MnQ,, and 37= 5 umol/n? for the

MnO. Total proton binding sites measured decreased=B%% with drying from the MnQ,,, and then
increased te=50% of the MnQ,,, value in the MnQ.. Thus, despite a trend of higher surface area for the
MnO,, a lower total number of sites was observed, suggesting a coordinational change in the hydroxyl sites.
Surface site characterization identified that changes also occurred in the types and densities of surface sites for
each hydrologically conditioned Mn oxyhydroxide treatment (pH titration range of 2—-10). Drying decreased
the total number of sites as well as shifted the remaining sites to more a&dieatues. Experimentally
determined apparent phi values decreased with drying, from 6.820.06 for the MnQ,,, to 3.2+ 0.3 for

the MnQ, and increased again with rewetting to 5.850.05 for the MnQ. Higher Ni sorption was
observed at pH 5 for all three Mn oxyhydroxide treatments compared to pH 2. However, changes in relative
sorptive capacities among the three treatments were observed for pH 2 that are not explainable simply as a
function of total binding site density or apparent pkivalues. These results are the first to our knowledge,

to quantitatively link the changes induced by hydrologic variability for surface acid base characteristics and
metal sorption patterns. Further, these results likely extend to other amorphous minerals, such as Fe
oxyhydroxides, which are commonly important geochemical solids for metal scavenging in natural
environments. Copyright © 2004 Elsevier Ltd

1. INTRODUCTION Results from investigation into natural systems, have high-
lighted the need for more quantitative investigations into other
potentially relevant geochemical sorbents. Mn oxyhydroxides,
often amorphous, are commonly found to be important metal
sorbents in field studies (Catts and Langmuir, 1986; Tessier et
al., 1996; Tebo et al., 1997; Robertson and Leckie, 1998; Lee
et al., 2002). However, in laboratory investigations, crystalline
forms of Mn oxyhydroxides, such as birnessite, have been used
as reference Mn oxide model compounds in surface complex-
ation modelling (Appelo and Postma, 1999) and metal sorption
experiments (Loganathan and Burau, 1973). Given the envi-

Defining the important geochemical solids for reactive metal
transport in aquatic systems has been of increasing interest for
environmental geochemistry (e.g., Tessier et al., 1996; Fein et
al., 1997; Warren and Ferris, 1998; Cox et al., 1999; Nelson et
al., 1999a; Matocha et al., 2001). With the growing recognition
that, in addition to oxyhydroxide minerals of iron, organic
matter and bacteria are key players controlling metal reactions,
modelling efforts have moved beyond simple representations of
pure mineral surfaces to more complex approaches which aim

to reflect the heterogeneous reality of natural sorbents. The . . .
. ; : . ronmental importance of amorphous Fe oxyhydroxides in de-
importance of organic solids, whether live or dead, has been . . . .

. . termining metal behaviour (e.g., hydrous ferric oxide, HFO, or
emphasized in low pH systems, where these types of sorbents,

. ferrihydrite; Kukier and Chaney, 2000; Parmar et al., 2001;
would be more effective as metal sorbents than Fe oxyhydrox- ~. " 7. .
. . . Trivedi and Axe, 2001) and the typical amorphous nature of
ides, due to the presence of carboxylic groups on organic

. . Mn oxyhydroxides in soils (Fritsch et al., 1997), amorphous
surfaces which render them negatively charged even at the . . oL -
Mn oxyhydroxides are likely to have significant environmental
lowest pH values. In contrast, the hydroxyl surface groups of

. . ! . relevance where they occur. There is a growing body of liter-
Fe oxyhydroxides typically showf, values in the circumneu- : . . .
- R ature that examines the formation of Mn oxyhydroxides, prin-
tral range making them less effective in low pH systems

] ) cipally by microbial catalysis in aquatic systems (e.g., Emerson
(Dzombak and Morel, 1990; Robertson and Leckie, 1998). et al., 1982; Mandernack et al., 1995; Nelson et al., 1999b;

Emerson, 2000), but their role as reactive surfaces has only
*Author to whom correspondence should be addressed recently been quantitatively examined (Trivedi and Axe, 2001;
(warrenl@mcmaster.ca). Trivedi et al., 2001). In contrast to oxyhydroxides of iron,
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those of Mn are thought to possess a negative surface charge
at much lower pH values (pH,,, 2.3; Catts and Langmuir,
1986), and thus, like organic surfaces may play a more signif-
icant role in metal sorption than Fe oxyhydroxides in low pH
systems.

Acid mine drainage (AMD) is a significant environmental
issue for both metal and acidity contamination. A seemingly
paradoxical characteristic of AMD environments, given their
harsh redlity (pH values commonly well below 4, metal loads
in the micromolar to molar ranges; Lee et a., 2002; Haack and
Warren, 2003), is the existence of thriving microbial popula-
tions (Bond et al., 2000; Kusel and Dorsch, 2000; Leveille et
a., 2001). In afield investigation of the biogeochemical link-
ages controlling metal dynamics in AMD tailings associated
seepage streams, our research group has observed that Mn
oxyhydroxides play a key role in metal sequestration (Haack
and Warren, 2003). Under low pH conditions, the existence of
amorphous Mn oxyhydroxides is predominantly controlled by
microbial genesis, as their abiotic precipitation rates are ex-
tremely slow at pH values < 8, unlike Fe oxyhydroxides,
which will oxidize and precipitate readily at pH values as low
as 3 (Schwertmann and Cornell, 1991).

An important question that has not been addressed in the
literature, is the potential changes that might occur in Mn
oxyhydroxide crystallinity and/or surface characteristics given
the extremely variable water levels experienced by such shal-
low seepage streams and the typically small, amorphous nature
of the particles themselves. Such effects arelikely to be of more
widespread importance to natural systems than just AMD en-
vironments and Mn oxyhydroxides in particular. The amor-
phous nature and small size commonly observed in natural
particles makes them susceptible to changes in a variety of
environmental conditions such as water content, redox state,
and temperature. The potential influence of such impacts on
solid characteristics as well as associated impacts for metal
reactivity must be characterized if accurate representations of
metal behaviour in natural systems are to be developed.

The focus, therefore, of this laboratory study was to quanti-
tatively examine the influence of variable hydrologic condi-
tions on mineralogy, particle morphology, surface characteris-
tics and sorptive capacity of synthetic Mn oxyhydroxides.
Three experimental systems designed to represent three differ-
ing hydrologic regimes were evaluated: (1) wet, freshly pre-
cipitated, amorphous Mn oxyhydroxides (MnOy,); (2) dried
Mn oxyhydroxides (MnOyp): and (3) cycled Mn oxyhydrox-
ides that were cyclically exposed to wet and dry conditions
(MnOy ). Particle size characteristics were determined by laser
particle size analyses. Surface site types and densities were
determined by acid-base titration and modeled using the FO-
CUS method (Smith and Ferris, 2003). Nickel sorptive capac-
ities of the three Mn oxyhydroxide treatments were evaluated
by batch sorption experiments.

2. MATERIAL AND METHODS
2.1. Preparation of Mn Oxyhydroxide

In al outlined experimental procedures, al reagents used were of
reagent grade and all glass/plasticware was acid washed with 3 to 5%
HCI and rinsed with ultra pure water (UPW, 18 MY)) five times before
use. Amorphous Mn oxyhydroxides were precipitated in the laboratory
following the methods established by Nelson et al. (1999a) and Murray

(1974). The resulting synthesized Mn oxyhydroxide precipitate was
pelleted by centrifugation (10 min a 10,000 rpm, Sorvall RC5C+
ultracentrifuge), and then washed three times with UPW. The precip-
itate was then divided into three experimental systems: (1) MnOyy,
wet, freshly precipitated Mn oxyhydroxide; (2) MnOyp, Mn oxyhy-
droxide dried at 37°C for 8 d; and (3) MnOy, Mn oxyhydroxide dried
at 37°C for 24 h, then hydrated for 24 h, with the wetting/drying cycle
repeated three times, over 7 d.

2.2. Mineralogy and Crystallinity

Three samples were collected from each Mn oxyhydroxide experi-
mental system for mineralogical analyses by X-ray powder diffraction
analyses (XRD, Siemens Diffractometer D5005 using Cu-Ka radia-
tion) after hydrologic conditioning. These samples were air dried in an
anaerobic chamber (95% N,:5% H, atmosphere) for 48 h before
analyses. Scans were run for 5 h to ensure that most, if not all phases
were analyzed and samples were run using a zero background holder to
reduce background noise. In addition, backscattered electron imaging
was used to identify phases/minerals. Particles from the three treat-
ments were visualy inspected by environmental scanning electron
microscopy (ESEM; ESEM system 2020, Version 3.53, FEI Co.).
Mean particle surface areas were determined from laser particle size
analyses (LPSA, Coulter LS230C Lazer Fluid Module, Beckman
Coulter, FL). All particle surface area estimation techniques are oper-
ational: LPSA was chosen since analyses can be performed on wet
samples in contrast to the commonly used, N, gas adsorption tech-
nique, BET, which requires drying of the sample. Whilst LPSA may
underestimate SA in comparison to the more widely used BET tech-
nique (i.e., geometric surface area vs. reactive surface area); we chose
it due to the lower likelihood of method artifacts in the surface area
estimates derived. As results discussed subsequently show, our LPSA
derived results agree well with other published estimates derived from
BET analyses.

2.3. Titration Procedure

Mn oxyhydroxides from each of the three hydrologic scenarios were
first washed with the electrolyte to be used in subsequent acid-base
titrations (0.1-mol/L KNO;) and then centrifuged as above, before
titration. All samples were titrated under an N, atmosphere using an
automatic Mettler Toledo DL70 interfaced by DLWin software to a
personal computer. The titrations were run on dynamic mode that adds
variable amounts of titrant to maintain approximately equa pH inter-
vas. All reagents (0.1-mol/L HCI and 0.1-mol/L NaOH) and electro-
lyte (0.1-mol/L KNOg) were prepared in an anaerobic chamber (95%
N,:5% H, environment) to prevent contact of any reagent with CO,.

The titration cups containing the samples were also prepared in an
anaerobic chamber immediately before titrating. Titrations were run
under 0.1-mol/L ionic strength (KNO;) and the pH was adjusted to ~9
by adding small, known increments of 0.1-mol/L NaOH (standardized
using potassium hydrogen phthalate). The cup was then removed from
the chamber and attached to the closed system of the titrator. N, was
bubbled into the cup for 5 min before initializing the titration proce-
dure. Ascarite towers were used to prevent any atmospheric CO, from
coming into contact with the agueous sample. The method was then
initialized and the sample was titrated using 0.1-mol/L HCI down to a
pH of ~2.5. A blank titration using UPW was conducted on the KNO,
to caibrate the electrode into concentration units.

To anayze these data, chemical equilibrium is assumed but was not
specifically tested for. To test for chemical equilibrium, forward (up in
pH) and reverse (down in pH) titrations would have to overlap exactly
with no hysteresis. For the current work, it was decided to make
chemical equilibrium an assumption applied to all titrations, but it
should be noted that this is an operationally defined chemical equilib-
rium and not necessarily “true equilibrium.” The comparisons among
treatments are still valid as al titrations were run under identical
conditions.

2.4. Modélling Approach: FOCUS

The experimental data were fit to a smooth continuous pK, spectrum
using the Fully Optimized Continuous (FOCUS) pK, technique. Details
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are given in Smith and Ferris (2003) but a brief description is given
below. To fit the data, equilibrium is assumed and the surface is
represented as a sum of monoprotic sites with monoprotic dissociation
reactions. First the data are transformed to the charge excess expres-
sion. Then the charge excess data are fit to a model for the proton-
interface system. The charge excess from the data for the ith addition
of titrant is shown in Eqgn. 1 below:

b= 22 - (O] ®

where b; s is the charge excess (in umol/mg of solid), Cb;, and Ca
are the concentrations of base and acid added respectively and the final
two terms in the numerator are the proton and hydroxyl concentrations
in solution, determined using the glass electrode. Finally, C, isthe solid
concentration (in mg/L).

There are many optionsfor how to fit this transformed data (Brassard
et a., 1990; Nederlof et al., 1994; Cernik et a., 1995), but for our
purposes here it was decided that a continuous model for the proton
binding was desirable to facilitate comparisons between samples. In
addition, a continuous model is more representative of the natural
heterogeneity expected on the minera surfaces. The mathematical
model for the data at the ith titration point, as transformed in Egn. 1, is
presented in Egn. 2:

m

- KLy,
B; carc = Elm +9 2
=

The modelling here ignores electrostatic effects and thus the deter-
mined parameter values are ionic strength dependent. A pK, spectrum
represents the overall proton binding of the surface as a summation of
monoprotic dissociation reactions, each reaction being defined by a
unique pK, value (K; in Egn. 2) and a corresponding site concentration
(Ly; in Egn. 2). In addition, to account for the possibility of positive
charge on the surface there is a constant offset term S,. To determine
a pK, spectrum, first the pK, values are defined on a sequence from
some minimum to some maximum value at fixed step sizes. Thus, the
pK, values are fixed and what remains is to assign concentrations to
each of m sites such that the data is described as follows for n titration
points:

Ax=Db

where A(i,j) = fori=1...nandj=1...m

K;
K; + [H'];
andA (i,j)=1fori=1...nandj=m+1 (3

Thereisann X (m + 1) matrix A of « terms, an (m + 1) X 1 vector
of site concentrations, X where the final entry is a constant offset term
S (see Eqn. 2). The stability constants K; are defined from the disas-
sociation reaction of each monoprotic site with corresponding
pKy4 = —10g;0K4. The n X 1 vector of measured charge excess terms
is defined as b. A traditional least-squares approach to this problem
would vary the parameters in x to minimize the sum of the squares of
the difference between the calculated and measured value for b. How-
ever, mathematically the problem isill-posed (Press et ., 1992). This
is because many solutions can describe the data equivalently well and
a dlight change in the data results in a large change in the fitted
parameters. Cernik et al. (1995) have applied a regularization method
of solving ill-posed problems to acid-base titration data. Regularization
involves using some a priori information about the system to further
constrain the results; this leads to less sensitivity to data changes. One
constraint imposed by the nature of the system is that all of the ligand
concentrations must be positive. In addition, the results can be regu-
larized for a few discrete sites or for smoothness depending on if a
discrete or continuous result is desired. Here we use regularization for
smoothness. Thisa priori assumption about the nature of the final result
makes it possible to formulate the regularized |east-squares optimiza-
tion problem for n titration points:

minimize SS + AR

where SS= Z(bcalm(x) - bmeaa)Z

i=1

m-1

o X = E(Xi_l— 2% + X )%andx = 0. (4)

i=2

and R(xg, .

The SSterm is the usual sum of squares term for nonlinear regression;
without regularization only this term would be minimized. The regu-
larization term is also dependent on the values of the parameter vector
and the regularization power is controlled by the constant A. The R
function corresponds to the sum of squares of finite difference approx-
imation of the second derivatives. This function is small for smoothly
varying values of x and large if the values of x oscillate.

There are two values to optimize for the minimization problem
defined in Egn. 4, both the smoothness and the goodness of fit.
Theoreticaly, thereis an optimal answer that satisfies both criteriawith
aminimum of compromise in the other (Press et a., 1992). Determin-
ing this optimal solution depends on the regularization strength given
by the parameter A. Smith and Ferris (2003) present a method to
optimize the parameter A such that both the goodness of fit and
regularization are best satisfied. This method involves defining two
axes, one for SSand one for AR values. In this space the origin is
defined as the optimal answer to the sum of squares problem and the
regularization problem independent of the other problem. The optimal
answer is determined by varying A, and calculating new values of SS
and AR, to minimize the distance from this new point to the origin, and
in this way, optimally satisfying both criteria. Because both goodness-
of-fit and smoothness are optimized, thisis termed the Fully Optimized
Continuous (FOCUS) pK, spectrum method. All data were analyzed
using Matlab (The MathWorks Inc., Natick, MA). Parameter fitting
was performed using the Optimization Toolbox within Matlab.

2.5. Nickel Sorption Experiments

Batch Ni sorption experiments were run for each of the three hydro-
logically conditioned Mn oxyhydroxides. Mn oxyhydroxides for the Ni
sorption experiments were prepared in an identical manner to those
used in the acid base titrations. Three replicate batch systems for each
of the three Mn oxyhydroxide treatments were exposed to a nominal
concentration of 0.01-mol/L Ni using ~80 mg of Mn oxyhydroxide
(equivalent dry weight) for two different pH values (2 and 5) for 24 h.
Blank UPW and standard (Ni solution 0.01 mol/L; no sorbent) systems
were also run to account for any contamination or loss of Ni to the
container walls. The closed bottles were placed on an orbital shaker
(Forma Scientific, 150 rpm), and gently shaken under atmospheric
conditions for 24 h. Over the first 8 h, the pH was monitored and
adjusted every 30 to 60 min. The pH was also adjusted again after a
total of 20 h. After 24 h, at the end of the experiment, the final pH was
recorded without adjustment and the bottles were centrifuged (Sorvall
RC-5C+ ultracentrifuge, 30 min at 10,000 rpm). After centrifugation,
the supernatant was recovered from each bottle using acid-washed
syringes and syringe filtered (0.45 and 0.2 um; Nucleopore Acrodisc
25-mm syringe filter, Pall Gelman Laboratory, Ann Arbor, MI) directly
into sample containers and subsequently acidified to 0.2% HNO; v/iv
(Fisher Scientific OPTIMA HNO,, Seastar Chemicals Inc., Sidney,
Canada) before analyses for nickel and dissolved Mn content by
inductively coupled plasma mass spectrometry (ICP-MS). The amount
of Ni sorbed in each batch system was determined from both direct
solid analyses as well as from supernatant differences in Ni concen-
tration at the start and end of the experiment to account for any Ni loss
to the container walls. Supernatant Ni concentrations were determined
as the difference between the Ni content of the original stock solution
(corrected for both [1] sorptive losses experienced by the Ni standard
systems and [2] any Mn oxyhydroxide mass loss due to mineral
dissolution; both were negligible, i.e., < 5% for [1] and < 2.0% for [2])
and the final solution Ni concentration for each bottle. Solid associated
Ni concentrations were determined directly by digestion of the pelleted
MnOx solid in each of the bottles using a microwave digestion system
(Ethos Plus, Milestone Inc., Bergamo, Italy) and the protocol outlined
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Table 1. Physical characteristics of the three hydrological MnOx treatments.

Particle size distribution expressed as a percentage of the total

particles
Surface area
<0.2 um 0.2-2.0 um >2.0 um (m?g™h Crystallinity
MnOy\w 0.35 £ 0.04 0.65 = 0.04 0.0035 *+ 0.003 41+1 Amorphous
MnOy 0.48 = 0.02 0.52 = 0.02 0.00091 =+ 0.00002 45+ 2 Amorphous
MnOy 0.45 + 0.02 0.55 = 0.02 0.00133 =+ 0.00009 47+ 3 Amorphous

Errors shown are S.E.

by Haack and Warren (2003) for amorphous oxyhydroxides, with
0.25-mol/L hydroxylamine hydrochloride in 25% (v/v) acetic acid and
analyses for Ni and Mn by ICP-MS. Even though observed Ni and Mn
losses were small, reported Ni concentrations associated with Mn
oxyhydroxides are corrected for any calculated loss of either element as
treatment dependent effects were observed. All metal data are reported
as mean values plus or minus one standard error (S.E.) defined as the
standard deviation divided by the square root of sample size or n (Zar,
1984).

In this study, statistical significance is defined as values that fall
outside the range of plus or minus one standard error of each other.

3. RESULTS AND DISCUSSION
3.1. Mn Oxyhydroxide Mineralogy and M or phology

No detectable crystalline structural changes were induced
either by drying of Mn oxyhydroxides at 37°C, or repeatedly
wetting and drying of these materials over a 7-d period; all
three Mn oxyhydroxides treatments were determined to be
amorphous using X-Ray Diffractrometry (XRD; Siemens
D5005 Xray diffractometer using zero background holder for a
5-h scan to attempt to detect any crystalline phases present;
scans not shown). Our lack of XRD detectable crystallite for-
mation in association with aging is consistent with Luo et al.
(2000), who aso showed no formation of crystalline phases for
synthetic Mn oxyhydroxides under very similar conditions to
our study (40°C for 12 d). The temperature selected in our
study for drying of the Mn oxyhydroxides preparations (37°C)
was chosen to reflect the maximum temperatures recorded in
the field AMD site; and thus our protocol is representative of
processes that occur in natural systems over a seasona time-
scale. These results suggest that detectable bulk changes in
crystallinity would only occur over longer timescalesin natural
low temperature surface environments. Visual inspection of the
three Mn oxyhydroxide treatments by environmental scanning
electron microscopy (ESEM; results not shown) revealed fine-
grained, amorphous particlesfor al three treatments, consistent
with the XRD results indicating no significant crystallinity. It
should be noted that any surficial structural changes that may
have occurred are not resolvable via standard XRD analyses.

The mean surface areas (m? g~ %) and associated standard
errors calculated from particle size analyses indicated atrend of
increasing surface area with increased hydrological condition-
ing fromwet (41 + 1m?g Y todry (45 = 2m? g~ ) to cycle
(47 = 3m? g~ %; Table 1). These estimated values agree well
with those published in the literature for abiotically precipitated
synthetic Mn oxyhydroxides, determined by BET analysis,
ranging between 32 and 56 m? g~* (Nelson et al., 1999a;
Matocha et a., 2001; Nelson et a., 2002). This comparison

indicates that LPSA and BET derived estimates of surface area
do not necessarily widely differ from each other.

The observed differencesin surface area among the three Mn
oxyhydroxide treatments, are consistent with observed changes
in particle size induced by drying and cyclically rewetting and
drying, which shifts the particle size spectrato smaller particles
(Table 1). All the treatments resulted in extremely fine-grained
particles, with > 99% of the total particle size spectrum < 2um
in size. However, drying of the Mn oxyhydroxides significantly
increased the proportion of particles < 0.2 um in size from
35% in the wet treatment to 48% in the dry. The MnOyc
particle size spectrum was not significantly different from the
MnOy, but both were significantly different from the
MnOy, indicating that particle size changes are not reversible
with re-wetting. From these results, it might be expected that
more hydrologically conditioned Mn oxyhydroxides would ex-
hibit higher sorption capacities for a given mass, due to a
proportional increase in surface area and associated density of
surface functional groups.

3.2. Surface Characteristics

Plots of the titration data transformed as the charge excess
expression (Egn. 1) show that the three MnOx treatments differ
significantly in the nature of their proton binding (Fig. 1).
Furthermore, each MnOx treatment set of replicate results show
good reproducibility indicating robust surface characteristics. A
comparison of the actual data (indicated by the symbols, Fig. 1
and the model fits to the data (indicated by the lines) show
extremely good agreement. Thus the model results used to
determine site densities and pK, values can reasonably be
assumed to accurately reflect the entire range in surface proto-
nation over the titratable range for these three Mn oxyhydrox-
ide treatments.

The physical characteristics of the three MnOx treatments
indicated amorphous particles that differed somewhat in parti-
cle size and therefore relative surface area associated with a
given mass for each treatment. Thus, based on the physical
characteristics, it might be expected that the total number of
surface sites would increase with hydrological conditioning
from wet through dry to cycle preparations as surface area
increased with this conditioning. Given the changes in surface
area associated with the hydrological conditioning, modelling
results were calculated both on an areal, as well as on a mass
basis (to permit comparison to other literature estimates). On
both an areal and mass basis, the results for the total number of
binding sites contradict the expected results from the physical
characteristics. Modelling results indicate both the total number
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Fig. 1. Titration data transformed as the charge excess per mg of solid. Subplots a, b and c are for dry, wet and cycle data
respectively. The x symbols represent measured data points and the solid lines represent the best-fit results for each data
set. In subplot (d) the lines represent the average models for the indicated solids obtained by taking the average pK,

spectrum results for each replicate titration data set.

of surface sites, as well as the number of types and associated
densities, differ amongst treatments (Fig. 2; Tables 2 and 3).
However, the total proton binding capacity in the measured pH
range (2-10) decreases with hydrological conditioning. The
results show that drying of the Mn oxyhydroxides actually
lowers the number of surface sites in this range whilst increas-
ing relative surface area (Tables 1 and 2), However, in contrast
to particle size and associated surface area characteristics,
which do not appear to show reversibility with cycled hydro-
logic conditioning (Table 1), the total proton binding capacity
appears sensitive to hydrologic conditioning as is evident by
the intermediate total binding capacity value of the MnO,
treatment. This result indicates that the total number of sites
increases with repeated wetting and drying (Tables 1 and 2)
whilst the surface area does not. Thus, particle size and asso-
ciated surface area are affected by the drying phase of condi-
tioning, and are not reversible given re-wetting, whilst surface
site characteristics appear to be dynamically affected by rewet-
ting.

The total site density decreases with drying, by ~75% from
82 + 5 umol/m? for the MnOy,, to 21 + 1 wmol/m? for the

MnOy ., but subsequently increased with rewetting by ~50%
to 37 = 5 umol/m? for the MnOy. When site densities are
caculated as a function of mass, the results show the same
pattern of decreasing with drying from MnOs,,, to MnOy, (3.4
+ 0.2 t0 0.96 = 0.04 wmol/mg), and increasing again with
rewetting to 1.8 = 0.2 for the MnOy - (Table 2). These results
indicate that both mass and surface area normalizations in this
study give the same interpretation of surface acid base charac-
teristics with hydrologic conditioning.

Results also indicate that a number of different surface
hydroxyl groups occur; ranging between five to six discrete
types across the treatments (Table 3). Differing types of surface
hydroxyl groups have commonly been noted for amorphous
and crystalline Fe oxyhydroxides (Cernik et al., 1996, Venema
et al., 1998; Smith and Ferris, submitted). These studies, which
have typically identified between four and six discrete hydroxyl
groups, are consistent with our results for Mn oxyhydroxides.
These results indicate that surface hydroxy! group variability is
likely a common occurrence for oxide mineral surfaces. It isnot
possible with these amorphous solids to indicate specifically
which surface sites are reacting, but the types of sites have been



448 C. Kennedy, D. S. Smith, and L. A. Warren

a
0.04 ™
= A
2 0.03 i b
SL) |' ‘\/‘\ "
!
g0.02) MY (ATAY
— 1] N [}
2 | VAR NS
5 0.01 |': - u\.'\ \/ \
AN AN
- 0 H . "’.\\Jl \
2 4 6 8 10
C
01 ,\
2 I\
— 1
Q008 1}
= HIR
o0 0:06 11 \}
g i
20.04 f
U
:;0.02
—

b
0.2 3}
1
A
0.15 i
[
01 / '\ b
y
\
0.05 VR | \ 1
0 \
2 4 6 8 10
d
0.05
0 S ——— e A1y
0.1
0.05 M cycle
0
0.2
0.15
0.1
0.05 /\ wet
0 .
2 4 6 8 10
pK,

Fig. 2. pK, spectrum for each treatment. Subplots (&), (b) and (c) correspond to dry, wet and cycle data respectively. The
solid line for each treatment represents the mean value of the three replicate titrations and the dotted lines represent one
standard deviation about the mean. Subplot (d) shows the mean pK, spectra for each indicated treatment.

summarized into type |, I1, 111 and IV for pK, ranges 2 to 4, 4
to 6, 6 to 8 and 8 to 10. Plots of the concentrations of
deprotonated sites for these ranges of pK_, values clearly show
differences for the three types of hydrologically conditioned
Mn oxyhydroxides (Fig. 3).

The distribution of sites is aso substantialy affected by
hydrological conditioning (Table 3). The MnOy,, had the
lowest number of types of sites with very discrete pK_ values,
associated with four distinct peaks over the titrated range (very
high reproducibility between replicate titrations). In contrast,
the MnOy - and MnO, show a greater number of less distinct
peaks (higher variability between replicate titrations; Fig. 2,
Table 3). Three types of sites are consistent across all three

Table 2. Total binding capacity within the titratable range of pH 2 to
10.

Total binding capacity

wmol/mg wmol/m?
MnOyyy 34+02 82+5
MnOyp, 0.96 + 0.04 21+1
MOy 18+ 02 37+5

treatments however, with pK, values of ~4 to 4.5, 6.6 to 6.9

and 9t0 9.1 (Table 3). The results observed for the MnOy, and

MnOy . indicate dynamic shifting of the pK, ranges observed,

e.g., astrong acid site observed for the MnO,,, with a pK_ of

~2.8islost inthe MnOyp, but re-appearsin the MnO, . (Table
3). Thus, these results show that some surface sites are ex-

tremely stable whilst others appear, disappear and re-appear
with drying and re-wetting associated with the hydrological

conditioning. The reduction of sites as a result of drying is not
proportional across the titrated range; rather, results indicate a
higher loss from the more basic types (Table 3). Similar to the
MnOy.y, the MnOy - has the two most acidic types of sites as
well as the most basic type of site; however the densities for
these site types are much lower for the MnOy . In addition, the
MnOy shows similar variability to the MnOy, with less
discrete pK,, values and fewer sites than the MNnOy,.

The wet and dry preparations show the greatest difference,
while the cycle preparation bears some resemblance to both,
indicating hydrologic effects on surface site type and densities
are apparently reversible. That is, surface topography is sensi-
tive to hydrologic conditioning, reducing the total number of
sites associated with the surface, and dynamically affecting the
types of surface sites that occur.
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Table 3. Sites identified for each of the three hydrological treatments.

2<pK, =4 4<pK,=6 6 <pK,=8 pK, > 8 Number
type | type Il type Il type IV of sites (mol/mg)
MnOyy 2.82 472 6.88 9.04 4 -21*+01
MnOyp 3.60 4.06, 5.00 6.59, 7.95 9.12 6 -0.07 = 0.03
MnOyc 277 4.50, 5.99 6.90 9.05, 10.60 6 -1.0+0.2

In addition to pK, values and binding site concentrations,
Table 3 also includes values for the offset term, S,. This term
corresponds to how much the titration curve hasto be shifted so
that the changes in shape can be represented as a sum of
monoprotic negatively charged sites; i.e., to the acid neutraliz-
ing capacity (Brassard et al., 1990). Alternatively, it can be
thought of as the difference between the proton binding sites
that are always saturated and those that are always empty over
the titration range. Because this term is a difference between
two unknown quantities it cannot be used in any quantitative
way to compare titration curves. However, the apparent zero-
point of charge (pH,,,.) results for the three treatments demon-
strate dramatic changes occurring outside the useful pH range
of the glass electrode (Table 4). It should be noted that these
apparent zero point of charge values are not true zero points of
charge because these experiments were performed at only one
ionic strength and thus, the observed charges are apparent, not
absolute charge (Plette et al., 1995).

Thereis an ~4-log-unit decrease in the value of the apparent
PH,pe from the MnOy,,, (6.82) to MnOyp (3.2), with the
MnO, value (5.05) indicating again, reversibility in surface
acid-base characteristics with re-wetting. The decrease in the
pH,,c with drying is condistent with Parks's (1965) finding
which also observed that surface dehydration often resultsin a
more acidic pH,,.. This effect has been attributed to the aging
of freshly precipitated manganese oxyhydroxides to a more
stable, i.e.,, more crystalline form (Murray, 1974). It is difficult
to rationalize the change in pH,,; from the pK, spectra. The
model (Eqgn. 2) assumes neutral sites deprotonating to form
negatively charged sites but sites on minerals may be ampho-
teric (Dzombak and Morel, 1990) and thus a positively charged
site deprotonating to form aneutral speciesisalso possible. The
pK, values determined are independent of which reaction ac-
tually occurs. The shift in pH,,,. can be loosely interpreted by
considering the S, term in the equilibrium model (Egn. 1). This
term corresponds to the difference between the sites that are
always positive and the sites that are always negatively charged
over the entire titration range. The sites that are aways nega-
tively charged can be viewed as strong acid sites (easily dep-
rotonated) and the sites that are always positively charged can
be viewed as strongly basic sites (strongly held proton). The
MnO,, sample has the largest S, value (2.1 = 0.1 wmol/mg)
and the MnOy, sample has the smallest (0.07 = 0.03 wmol/
mg) with the cycle sampling coming in between (1.0 = 0.2
pwmol/mg). Thus, MnOy,, has the largest difference between
sites that are always positive and those that are always negative
and the dry sample has the smallest difference. It is difficult to
say anything about the nature of these sites or their absolute
concentrations because S, corresponds to a difference, but it is
possible to consider that either the MnO,,, has more strongly
basic sites outside the titration range than the MnO,, and,or,

the MnOy, sample has more strongly acidic sites than the
MnOyy. The cycle treatment has an apparent pH,,,. interme-
diate to the wet and the dry treatments, indicating that the
creation or loss of sites due to drying is, to a certain extent, a
reversible process, upon rehydration. These results indicate,
however, that a shift in the observed types of sites associated
with hydrologic conditioning, must be balanced against the
significant loss of sites observed with drying of the Mn oxy-
hydroxides (Table 4).

These results also have strong implications for sample stor-
age and handling of amorphous mineral phases, especialy
since many analytical techniques require either a wet or dry
sample. Our results show sample preparation will alter the
characteristics of interest (e.g., surface reactivity, surface area,
etc). While many researchers have noted the impact of aging on
synthesized manganese oxyhydroxides (Murray et al., 1985;
Catts and Langmuir, 1986; Mandernack et al., 1995) and some
have indicated the effect of drying (Ross et a., 2001a), the
influence of repeated dehydration and rehydration has received,
until now, no quantitative investigation.

Hydroxy! functional groups associated with Fe oxyhydrox-
ides are often observed in surface investigations to have pK,
values in the range of 4 to 11 (Cernik et al., 1996; Venema et
a., 1998; Smith and Ferris, submitted). A spectrum of types of
OH™ groups as indicated by varying pK, values, implies dif-
fering properties from one OH™ group to the next as has been
shown in many studies for metal oxyhydroxides (Smith and
Ferris, submitted; Benjamin and Leckie, 1981; Catts and Lang-
muir, 1986; Venema et a., 1998). Generaly, these results are
interpreted to represent differing configuration of the surface
hydroxy! groups, e.g., edge or dislocation sites on the mineral
surface, which influences their resulting acidity. Our results
provide new evidence that surface sites on amorphous surfaces
are affected by hydrological variability. Our results showing
both a decrease in total sites with drying despite increasing
surface area (Tables 1 and 2), and a change in both the number
and associated densities of differing types of sites (Table 3)
clearly indicate that co-ordinational changes in the surface
functional groups must occur with exposure to hydrologic
change.

The nature and number of Mn and O bond associations at a
particle surface will likely affect the acid base characteristics of
those functional groups. Variations in bond lengths, co-ordina-
tional associations and proximities of hydroxyl groups due to
surface microstructure, will influence a number of processes,
e.g., electron sharing, steric hindrance, interatomic interactions,
al of which ultimately influence the associated acidity of those
functiona groups (Venema et a., 1998). This effect may be a
result of the molecular configuration causing some OH™
groups to be bound more strongly (or weakly) than others. Catts
and Langmuir (1986) noted that the structure of solid sorbent
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surfaces have inhomogeneities that can result in severa types
of surface sites. X-ray absorption near edge structure (XANES)
spectra have been used by other researchers to evaluate oxida-
tion states which relate to the electron binding strength (Kay et
a., 2001; Matocha et a., 2001; Ross et al., 2001a, 2001b).
Manganese oxyhydroxides are redox sensitive, and can exist as
either Mn(lI1), or Mn (IV) or mixtures of Mn(I11,1V) (Murray,
1985; Tebo et al., 1997), which ultimately will alter the stability
and bonding of adsorbed species (Davis and Kent; 1990; Hem,
1978). Other studies have considered the notion of high and
low energy sites (Benjamin and Leckie, 1981; Post and Veblen,
1990; Matocha et a., 2001) and the growing evidence of pK,
spectrums for hydroxyl groups on Fe and Mn oxyhydroxide
surfaces is at least, consistent with this idea. Benjamin and
Leckie (1981) proposed that the high energy sites were occu-
pied first, followed by lower energy sites, and thus, metal
behaviour would be impacted by the relative number of high
and low energy sites associated with any given mineral surface.
Preliminary X-ray absorption spectroscopic analyses (XAS;
GSECARS Beamlinel3; Advanced Photon Source, APS, Ar-
gonne; data not shown) of our Mn oxyhydroxide treatments
indicatesthat all Mn oxyhydroxides are Mn (1V) oxidation state

and thus, surface reactivity differences are not due to oxidation
state differences. Whilst we cannot evaluate the relative
changes in energies of various hydroxyl groups in our study,
our results do clearly indicate that physical changes in surface
acid base characteristics occur, which are dynamically revers-
ible with variable hydrologic exposure. These results suggest
that metal sorption by amorphous Mn oxyhydroxides is also
likely to be impacted by hydrologically variable conditions.
The total proton binding capacity of these prepared Mn
oxyhydroxides are similar to both hydrous ferric oxide and
bacteria (Smith and Ferris, 2003). For comparison the sum
of the proton binding sites for hydrous ferric oxide is 2.45 and
for Shewanella algatrain CN32 the capacity is 2.18 wmol/mg
of solid vs. 0.96 umol/mg for our MNOy, and 3.43 wmol/mg
for our MnOyy,,. These comparisons only compare the site
density within the titratable range though and cannot compare
differences in concentrations of very acidic or very basic sites.
However, the apparent pH,,,. results of this study would sug-
gest a stronger sorptive capacity of Mn oxyhydroxides at lower
pH values compared to Fe oxyhydroxides as has been noted by
other authors (Nelson et al., 1996; Tebo et a., 1997).
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Table 4. Sites detected above and below the pH,,. for each of the
hydrological treatments.

Sites detected Sites detected
below pH,,,; above pH,,
(mumol/mg) PH_pe (umol/mg)
MnOy\w 21+0.1 6.82 = 0.06 1.305 = 0.008
MnOyp 0.04 + 0.02 32+03 0.92 + 0.05
MnOy 1.0+ 0.2 5.05 = 0.05 0.71 = 0.03
3.3. Ni Sorption

Potential Mn oxide mineral dissolution associated with the
low pH conditions of the Ni sorption experiments was negli-
gible at both nominal pH values (<1% at pH 5, <2% at pH 2).
However, it was treatment dependent (wet was most sensitive;
dry was least sensitive), thus sorbent mass values have been
corrected for dissolution loss. While potential Mn oxyhydrox-
ide mass loss associated with dissolution was not directly
mesasured in the titration experiments; these results indicating
minimal dissolution over much longer time periods (24 vs. 2 h
below pH 5 in the titration experiments) indicate that negligible
dissolution is likely to have occurred. Other authors have
reported dissolution of Mn oxyhydroxides. Loganathan and
Burau (1973) examined dissolution of crystalline Mn oxyhy-
droxide material, which would likely exhibit different solubility
than amorphous Mn oxyhydroxides. Further, they examined
time dependent, rather than pH dependent, solubility. Whilst
dissolution was minimal under the experimental timeframe of
this study (<2% of total Mn mass at pH 5 and < 5% of total
Mn mass a pH 2), the differential dissolution observed
amongst the three Mn oxyhdyroxide treatments implies that
hydrologic variability will impact not only the surface charac-
teristics of amorphous minerals, but also their susceptibility to
dissolution under low pH conditions in natural environments.

Differences in the amount of Ni sorbed amongst the three
Mn oxyhydroxides were observed at both pH values examined
(nomina pH 2 and 5; Fig. 4) if one standard error confidence
intervals are assumed. While the results at pH 5 were consistent
with the sorptive capacities implied by the determined surface
characteristics above (i.e., wet > cycle > dry), the Ni sorption
results at pH 2 were surprising. At pH 2, the MnO,,, which
exhibited the highest total number of binding sites but a higher
apparent pH,,; of 6.82 + 0.06 (Tables 2 and 4), sorbed signif-
icantly less Ni (0.42 = 0.01 wmol/g) than either the MnOy
treatment (0.48 = 0.02 umol/g), which had approximately half
the total number of sites of the wet treatment, but a lower
apparent pH,,,; of 5.05 = 0.05, or the MnO,, treatment (non-
significant difference with wet treatment; 0.43 = 0.01 wmol/g),
which had the lowest number of sites (only 25% of the total
number observed for the wet treatment (Table 2), but a much
lower apparent pH,,. of 3.2 = 0.3, (Fig. 2). These results are
consistent with the idea that hydroxyl surface groups exhibit
differing site energies and affinities for metals and highlight the
utility of using pK,, spectrum modeling to assess oxide mineral
surface acid base characteristics. In addition, the lower Ni
binding of the wet treated sample is consistent with the charg-
ing behaviour (Fig. 1) showing a net positive charge on the
mineral surface.
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Fig. 4. Ni sorption data for al three experimental systems as a
function of pH. Standard error bars calculated for treatment means,
have been used to identify significant differences amongst treatments
and pH values for a given treatment. Note that the variability in actual
pH values among replicate samples was too small to be illustrated in
this figure.

The quantity of Ni sorbed at pH 2, for all treatments, far
exceeded the predicted capacity as determined by the surface
characteristics and proton binding capacity. Under the same
ionic strength, Murray (1974) determined adsorption of Ni to
release of protons was a 1:1 ratio, which is consistent with
McKenzie's (1979) determination of a single proton release
during cation adsorption at pH 4 with a0.26 mol/L electrolyte.
However, our results for pH 2 show a greater ratio of Ni
sorption to proton loss of 60:1 for MnOy,, 92:1 for MNOy ¢
and an undefinable ratio for MnOy, (zero proton binding sites
were measured [Table 3] yet Ni sorption did occur [Table 5]).
Thisresult can be interpreted as a selective outcompeting of Ni
for sites at low pH values, or that more sites exist below the
titratable range (pH 2-10) as suggested by the apparent pH,,,
results (Table 4), which we cannot quantify. In addition, Ni
may be associating with the surface as a precipitate rather than
as a chemically bound species. If that is the case then the Ni
binding capacity could exceed the proton binding capacity.
These questions will be addressed in a future communication
on XAS investigation of these solids.

In the pH 5 experiment, all three Mn oxyhydroxides treat-
ments showed higher sorption of Ni, approximately doubling
the sorptive capacities compared to pH 2, as would be ex-
pected, due to a higher number of negative sites (Table 5, Fig.
2). However, the highest sorption was observed for the wet
treatment, followed by the cycle and the dry (MnOs,,, [0.90 =
0.04 umol/g]; MOy [0.83 + 0.04 wmol/g]; and MnOyp
[0.79 + 0.01 wmol/g]; Table 5). MNnOy,,, sorbed significantly
more than the MnOy, at the one standard error confidence
interval, but no significant differences were observed between
MnOy and either MnOy, or MnOy,,, (Table 5). Thus drying
of the Mn oxyhydroxides significantly decreased the sorptive
capacity at pH 5, whilst re-wetting increased the sorptive ca
pacity back to similar values for the wet, non-dried Mn oxy-
hydroxides.

While the actual Ni sorption at pH 5, was significantly
different than that predicted by the proton binding capacity for
each of the treatments, the Ni sorption was in the same mag-
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Table 5. Ni sorption vs. capacity at pH 2 and 5 for the three hydrologica treatments (all units are wmol/mg).
pH 2 pH 5
Proton
Proton binding binding
Ni sorption capacity Ni sorption capacity
MnOy 0.42 = 0.01 0.0068 + 0.0007 0.90 = 0.04 1.39 = 0.05
MnOyp 0.43 £ 0.01 0 0.79 = 0.01 0.46 = 0.03
MnOy 0.48 = 0.02 0.005 =+ 0.003 0.83 = 0.04 1.0*+0.2

nitude as that predicted and followed the same trend in terms of
Wet > Cycle > Dry. Thisresult is consistent with the study by
Kay et a. (2001) where Ni uptake by Mn oxyhydroxidesin a
Pinal Creek, Globe Mining District, was observed to be almost
completely reversible, indicating that Ni reacted primarily with
reversible sorption sites. Therefore, as the Mn oxyhydroxides
are dried, proton binding sites are lost, which impacts their Ni
sorption capacity; however upon rehydration some of the sites
are restored and Ni scavenging abilities increase, illustrating a
reversible process.

These results indicate that whilst pH will impact Ni sorption
to oxyhydroxides, the impact will differ depending on the pH
examined, reflecting differences in the nature of the surface
characteristics of the oxide surface. Our results show that
hydrologic conditioning shifts the types and numbers of surface
sites and thus, the pH effect on sorption is different for each
treatment. At the more basic pH of 5, the wet treatment, which
has a higher proportion of basic sites (Table 3), sorbs more Ni
compared to the other two Mn oxyhydroxides treatments (Ta-
ble 5). However, at pH 2, the MnOy - and MnO,, sorb more
Ni compared to the MnOy,,,. Thus, the total number of proton
sites estimated from the titratable range, by itself, is not a
sengitive indicator of metal sorption characteristics.

The high Ni:Mn ratio was purposely chosen to reflect the
extremely high concentrations of Ni and the relatively small
amount of solid mass of Mn oxyhydroxides commonly ob-
served in the on-going field investigation. Nickel sorption to
amorphous Mn oxyhydroxides in the field site plateaus at a
10:1 mol/L ratio of Ni:Mn (Haack and Warren, 2003). Thus, in
this laboratory study we used a similar Ni:Mn molar ratio to
mimic the field conditions. Furthermore, the high Ni concen-
tration was expected to saturate the low pK, sites, thus proton
binding capacity would be expected to predict Ni sorption
results. Likewise, the pH range examined (2-5), reflects ambi-
ent conditions observed in the field site (Haack and Warren,
2003). Unfortunately, due to the extreme paucity of published
laboratory studies evaluating metal sorption to Mn oxyhydrox-
ides under low pH and variable hydrologic regimes, relevant
comparison of these results to published values for Ni sorption
is extremely limited. While Trivedi and Axe (2001) found
adsorption capacity of hydrous metal oxides of manganese, iron
and aluminium to follow the order manganese oxyhydroxide >
iron oxyhydroxide > aluminium oxyhydroxide, the circumneu-
tral pH and the low initial metal concentrations prohibit any
meaningful comparison between studies. Trivedi et a. (2001)
also examined Ni sorption to manganese oxyhydroxides and
found values one to two orders of magnitude larger than those
reported in this study; however, given their long storage time
and metal exposure times (up to 110 d) as well as the circum-

neutral pH conditions, sorption values would be expected to
differ significantly especialy since we have demonstrated sam-
ple history strongly affects mineral sorption characteristics.
However, field investigation under low pH conditions (Haack
and Warren, 2003) show biofilm associated, biogenic amor-
phous Mn oxyhydroxide Ni sorptive capacities to be of the
same order of magnitude (~0.2 wmol/mg) to those determined
for our laboratory synthetic Mn oxyhydroxides (0.41-1.39
wmol/mg).

4. CONCLUSIONS

Variable wetting and drying regimes do not affect bulk
crystallinity of synthetic Mn oxyhydroxides; but induce revers-
ible changes in surface acid base characteristics. The high
reproducibility of the acid-base titrations and the strong fit
between the experimental data and the modelled data for the
three Mn oxyhydroxides that had undergone conditioning to
represent three different hydrologic regimes (MO, MNOy
and MnO,), indicate that their surface characteristics are
robust despite their amorphous nature. Drying of the Mn oxy-
hydroxides decreased the total number of proton binding sites.
Cyclicaly rewetting and drying did not change surface area
from that of dried Mn oxyhydroxides, but did produce an
intermediate total proton binding site density to that of fresh
wet Mn oxyhydroxides and dried Mn oxyhydroxides. Thus,
whilst drying increases the rel ative surface area, it decreases the
density of sites per unit surface area suggesting co-ordinational
differences in the hydroxyl surface functional groups occur.
The physical surface characteristics indicate that while surface
area consistently increases with repeated drying and wetting,
the loss of proton binding sites with drying is reversible upon
rehydration (MnOy,y, > MnOyc > MnOyp). These results
show that surface particle sizeis controlled by drying and is not
sensitive to rewetting; whilst surface acid base characteristics
are senditive to rewetting. Further, a shift in the types and
associated densities with hydrologic conditioning was ob-
served. Apparent pH,,,; values decreased from 6.82 = 0.06 for
thewet to 3.2 = 0.3 for the dry and then increased again to 5.05
+ 0.05 for the cycle treatment, which can possibly be ac-
counted for by the creation of strong acid sites < pH 2 with
drying of the Mn oxyhydroxide.

The Ni sorption results showed higher Ni sorptionin al three
Mn oxyhydroxides treatments at pH 5 compared to pH 2 as
would be expected. However, the trend of which Mn oxyhy-
droxide treatment sorbed the most differed between the two pH
values. This result reflects the changesin types and densities of
surface functional gropus induced by hydrologic conditioning.
Ni sorptive capacities were determined to be highest for
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MnO,,,, followed by MnO, . and the MnOy, a pH 5, whilst
at pH 2, Ni sorption was highest for MNOy. + MnO, 5, which
were greater than that observed for MnOy,,,. This study is the
first to our knowledge, to quantitatively examine the impact of
hydrologic variability on both particle characteristics of size,
surface area and acid-base characteristics, and associated metal
sorptive capacities. Our results indicate that hydrologic vari-
ability in natural environmentswill impact metal behaviour and
that this behaviour is consistent with observed changes in acid
base characteristics of the surface. Thisfinding can be expected
to extend to other amorphous metal oxyhydroxides such as
those of Fe. While there is alarge body of knowledge on both
the structure and reactivity of Fe oxyhydroxides, the impact of
hydrologic variability has yet to be considered. The surface
coordinationa environments of these Mn oxyhydroxides will
be the subject of a future communication employing XAS to
determine the coordinational environments of surface func-
tional groups for these three hydrologically conditioned Mn
oxyhydroxides.
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