Chapter 1 Introduction

Westhering of mineralsis an important geologic process that plays a significant rolein
much of the geochemistry of the earth’ s surface, ranging from rock erosion rates to
seawater chemistry. Laboratory dissolution studies are an important step in deriving
models to help interpret environmental weathering. These studies help in the
understanding of, e.g., metal cation release in soils, regulation of atmospheric CO,,
groundwater chemistry, and clay formation.

Investigators have inferred the existence of aleached layer on feldspar and wollastonite
surfaces because of the discrepancy in the cation release when conducting dissolution
experiments (Bailey and Reesman, 1971; Chou and Wollast, 1984). These |leached layers
are important for numerous reasons. |leached layers may act as substrates for new mineral
formation (Banfield & Barker, 1994; Banfield et d., 1995); leached layers may play a
significant rolein increasing BET surface areas reported in laboratory studies (Stillings
and Brantley, 1995) and in field studies (White et a., 1996); the leached layers may
restructure into something resembling vitreous silica (Casey et al., 1993) and produce an
ever increasing barrier to the release of the more soluble components of the mineral.

Wollastonite was chosen for this dissolution study because it is afast reacting mineral, it
has a simple structure similar to chain silicates, it has a ssimple composition, (CaSiOs),
thereis availability of pure material, and it reportedly forms a leached layer (Bailey and
Reesman, 1971; Casey et al., 1993; Xie and Walther, 1994;). The goa of this study was
to gain a better understanding of why leached layers form on dissolving wollastonite and
how these layers influence the dissolution process. This paper presents the results of a
series of dissolution experiments where operating conditions were varied in an effort to
discover their affect on the development of the leached layer of wollastonite. BET surface
areas were measured for amajority of the samples and leached layer thickness was
calculated where possible. Most of the experiments were performed in a newly designed
externa recycle mixed-flow reactor that held the material fixed, yet thoroughly mixed
material and solution.

Chapter 2 Materials

The wollastonite used in this study is the same material that was used by Rimstidt and
Dove (1986). Thiswaollastonite was mined in New Mexico, USA, and was obtained from
Wards Scientific Establishment. The material was hand sorted to remove macroscopic
impurities and then crushed in a steel mortar. The crushed wollastonite was dry-sieved to
recover the 75-150 mm and 150-250 nm size grains. The fractions were then immersed in
alcohol and manudly agitated for 5 minutes. The cloudy supernatant was decanted and
replaced with fresh alcohol. This process was repeated 3 to 5 times until the supernatant
was relatively clear. The wollastonite was then rinsed with distilled, deionized H,O for 5
minutes and dried overnight in an oven at 75°C. The samples were placed in capped glass
containers and stored under air until use. Scanning electron microscopic (SEM)
examination of the unreacted wollastonite revealed afew fine particles still adhering to the



surface (Fig. 1a). The bulk composition of the unreacted material was verified by energy
dispersive X-ray (EDX) analysis of individual particles (Appendix B). Theinitial surface
area of the 150-250 nm size fraction was determined by a 3-point N, BET to be 0.302
+0.045 m’g™. Run solutions were prepared with reagent grade concentrated nitric acid
and calcium nitrate.

FIG. 1a. SEM photograph of unreacted wollastonite after washing and rinsing with
alcohol. Though very fine particles are adhering to the surface, they do not contribute to
final dissolution rates as they are quickly reacted away (See Fig. 1b).



FIG. 1b. SEM photograph of wollastonite reacted for 190 hours at pH 2 in a mixed flow
reactor. Though the sample has been degraded by mechanical mixing, the dehydrated Si-
enriched leached layer is still visible.

Chapter 3 Reactor Design

Preliminary experiments using a mixed flow reactor stirred by means of a suspended
magnetic stir bar showed that the wollastonite dissolution reaction is transport-limited at
slow gtirring rates. This behavior was determined by varying stirring rates and noting the
increasing release rates with increasing stirring speed. When stirring rates were increased
sufficiently to overcome the transport-limited behavior, the stir bar caused comminution of
the grains. In order to overcome this problem, a fixed-bed external recycle mixed flow
reactor was designed and constructed. This design (Fig. 2) was used for the mgority of
the experiments. This new reactor produced a high enough mixing rate to eliminate a
transport limited reaction without the comminution produced by mechanical stirring. The
reactor can operate with various amounts of solid, however 1 gram proved sufficient for
the experiments in this study.

A schematic diagram of the overall system is shown in Fig. 3 and an engineering drawing
of the reactor is shown in Appendix C. The reactor was machined from a solid Acrylic®
rod. The O-rings were made of Buna-n and the 70 mm nylon mesh was cemented to the
O-rings with a styrene-based adhesive. The total volume of the reactor plus circulation
loop was 47.00 £ 0.01 mL with approximately 1 gram of wollastonite loaded in the



reactor. The circulation loop consisted of 1/4” ID clear Tygon® tubing. The recycle flow
used to mix the system (r;) was provided by a high volume peristaltic pump. The recycle
flow rate was varied by experiment to ensure that reaction rates were not transport
limited. Feed solution was provided from a 25 L reservoir.
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FIG. 2. Schematic representation of the Fixed bed external recycle mixed flow reactor.
The material is placed into the small O-ring assembly which isinserted into the large O-
ring assembly. Thisfixed bed of materia is then inserted into “B” and held in place by the
assembly of “A” into “B”. A detailed version of thisdrawing isin Appendix C.
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FIG. 3. Schematic diagram representing the experimental setup used in this study. The
circulation pump supplied the pressure needed to circulate as well as feed the solution.
The arrows trace the circulation loop through the material. Feed was regulated by a flow
control valve placed in the line before sample collection.

Chapter 4 Experimental Protocol

Experiments were begun by loading approximately 1 g of 150-250 nm wollastonite into
the small mesh covered O-ring and inserting it into the large mesh covered O-ring (Fig. 2).
Thisfixed bed of wollastonite was then inserted into the reactor and the two halves
screwed snugly together. The reactor was then connected to the circulation loop and
submerged in a 25° C constant temperature water bath. The 25 L feed solution tank was
filled with solution, the stopcock opened, air bled from the system, and recycling begun.
Flow (r;) through the experiment was immediately adjusted to the desired rate by the use
of atubing clamp. This effluent flow rate that determined the residence time in the reactor
was varied from experiment to experiment to test the effects of varying residence time.

Release rate curves were compared for the first four experiments and it was found that
after 14 hoursthe Caand Si release rates had reached an apparent steady state. The rates
continued to decrease after 14 hours, but from 14 to 96 hours, the length of the longest
experiment, the Si release rate decreased only 0.3 log units. The experimental protocol
then became to run all dissolution experiments for approximately 24 hours and compare
the release rates from 14 to 24 hours, however some longer experiments were conducted.

The peristaltic circulating pump was operated at settings from 4.5 to 10. These settings
corresponded to recycle rates through the material (r) of 0.70to 1.40 L min™ (Darcy
velocities of 0.041 - 0.082 m/s). The recycle rate was measured at the end of experiments
by removing the return tubing from the top of the reactor, plugging the tubing, and
collecting a sample from the reactor for 20 to 30 secin a1.0 L beaker. The collected



sample was then weighed and recycle rate calculated as the quotient of the mass/time.

The transport limited condition was checked by running the experiment with a constant
flow rate and only varying the recycle rate. It was found that the calculated dissolution
rates were comparable for recycle flow rates greater than 0.70 L min™. Flow rates were
varied from < 0.0001 L min™ to > 0.0015 L min™. The flow rate was measured by
collecting a 30 mL sample for a period of time from 2 to 15 min, weighing the sample, and
then calculating the rate.

At the conclusion of an experiment the reacted wollastonite was removed from the reactor
and rinsed with distilled, deionized water and dried in an oven at 75° C for 30 minutes.

Chapter 5 Analytic Methods

Solution samples, typically 30 mL, were collected at various intervals during the
experiments into polyethylene bottles Samples with pH?3 3 were acidified with 1.0 mL
0.6 N nitric acid to prevent cations from adsorbing to the sample bottles. The pH of the
effluent was monitored continuously with an electrode calibrated at pH 4.01 and pH 7.00
using Fisher brand standards. Si concentrations were determined by the molybdate blue
colorimetric procedure using Fisher brand S standards (APHA, 1985). Ca concentrations
were determined by Atomic Adsorption Spectroscopy using Fisher brand Ca standards.
Surface area measurements were performed on samples outgassed under a vacuum at
300°C for 3 to 24 hours in a Quantachrome Nova 1000 Surface Area Analyzer. After
degassing, the surface area was then calculated from a 3-point BET N, adsorption
isotherm (Brunauer et al., 1938). SEM images were taken with alSI - SX 40 operated
with an accelerating voltage of 20kV. Qualitative standardless compositional analyses
(EDX) were collected using a Noran Micro-Z Series energy dispersive spectrometer.

Chapter 6 Results

Table 1 isacompilation of all runs and operating conditions. Termsused in Table 1 and
throughout this thesis are defined in Appendix A. Normalized release rates (r;) for S and
Cafrom wollastonite were calculated using the following equation (Rimstidt and
Newcomb, 1992) from the average final cation concentrations in the effluent:
_ mp I (1)
As M
The release rates of S and Ca calculated for each experiment were normalized using initial
surface areas (Ag,) are shown in Table 1. The total error associated with r; was determined
to be <10% based on an error analysis of the variables measured. Because the
uncertainties used in the calculation are assumed to be independent and random, the total
error was calculated by the quadratic sum method (Taylor, 1982). All errors were
determined from analyzing the same sample threetimes. The precision of the S andysis
was found to be * 11% and the precision of the Ca analysiswas + 10%. The error
associated with the flow rateis £ 0.03%. The precision of the specific surface areais
+ 15%.
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Table 1. Compilation of experimental run conditions and the resulting dissolution rates
calculated from initial specific surface area.

Run | Mixing | Find | Initid/fina | Runtime | Fow rate I's lca
Rate pH | mass(qg) (hrs) (mL sec®) | (mol m?s?) | (mol m?s?)
A* | stirred | 2.03 | 1.00/NA 191.1 0.015 0.55x 107 | 4.79x 10°
B+ | stirred | 4.67 | 1.00/0.87 | 214.1 0.017 1.89x 10° | 3.40x 10°
D 10 5.90 | 1.00/1.00 25.2 0.019 1.66x 10° | 6.01 x 10°
G 10 4.00 | 0.79/0.77 7.0 0.235 2.82x10° | 135x10°
G.1 7 3.80 | 1.01/0.98 24.5 0.163 1.66x 10° | 10.0 x 10°
H 5 3.91 | 1.05/0.98 25.0 0.283 258x10° | 12.2x10°
| 5 4.00 | 1.03/0.97 26.2 0.095 1.66x 10° | 8.21x 10°
J 10 2.90 | 1.03/1.00 24.9 0.191 1.49x 10° | 11.8x 10°
S 5 2.90 | 1.04/1.00 25.0 0.169 1.62x 10° | 6.76 x 10°
K 10 2.90 | 1.02/0.96 25.4 0.091 1.02x 10° | 7.79x 10°
L 5 2.90 | 1.02/1.00 238 0.116 1.14x 10° | 8.12x 10°
Hr 5 2.90 | 1.03/0.96 69.3 |0.058-0.085| 1.15x 10° | 8.03x 10°
M” 10 590 | 1.02/1.01 25.0 0.210 0.54x10° | 574x10°
N 45 | 590 | 1.01/0.97 24.5 0.220 220x10° | 6.14x 10°
P 10 | 5.96 | 1.04/1.00 24.3 0.239 1.89x 10° | 9.38x10°
Q 10 1.95 | 1.00/0.92 24.4 0.197 205x10° | 10.5x 10°
R 5 1.95 | 1.02/0.92 24.6 0.181 2.10x10° | 8.89x 10°

T 5 1.90 | 1.03/0.89 24.8 0.143 1.93 x 10° NA
U 5 1.90 | 1.03/0.81 96.0 |0.011-0.267| 1.13x10° | 7.82x10°

* Grain size reduction occurred during these experiments. These data were not used in

subsequent data analysis.

“ Potential problemswith Si analysis. These data were not used in subsequent data

analysis.

NA Datanot available.

All of the experiments were run using 150 -250 nm wollastonite. Problemswith S
analyses make the results of run M questionable, therefore it was not included in any of
the data analysis. The first two experiments, A and B, were run using a mixed flow
reactor with a suspended magnetic stir bar. Despite mixing speeds slow enough not to lift
the material from the bottom of the reactor, the material was abraded into smaller size
grains and the results were not used in the data analysis.

In al experiments, wollastonite dissolution was incongruent; Cawas aways released at a
higher rate than S (Fig. 4). Figure 5 isrepresentative of the typical S and Ca dissolution
rate over time for experiments run with flow rates >0.019 mL sec™. In contrast, at lower



flow rates Si release would slowly increase and asymptotically approach the Carelease
from below. Because of the desire to maintain similar experimental conditions,
experiments run with flow rates £0.019 mL sec’ were avoided because of the 1 to 3
order of magnitude pH change when using pH solutions higher than 2.

Only initial release rates were affected by varying r. and ry. Figures 6 and 7 for
experiments run at pH 3 demonstrate how the initia release rates of S and Cavary
widely, but the final release rates are equal. Higher r. and ry produced higher initial release
rates. Thisinitia transport limited reaction could not be avoided with the laboratory
equipment available for this investigation, however it is the final rates which are reported
as the dissolution rate of wollastonite.
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FIG. 4. Comparison of Si and Ca release rates from wollastonite for runs of 25 hour
duration, from pH 2 to pH 6. Thelines of best fit arey = 0.0168x - 8.837, and y =
-0.0684x - 7.7457 for S and Ca, respectively.
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FIG. 5. Apparent release rate curves for Caand S from wollastonite over time for run R.
These curves are typical of the release rate curves for al the experiments.
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FIG. 6. Comparison of Si release rates for specified runsat pH 2.0. (See Table 1 for run
conditions). The time scale has been broken at 30000 sec and been expanded to highlight
the differencesin initia rates and the smilaritiesin final rates.
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FIG. 7. Comparison of Carelease rates for specified runsat pH 2.0. (See Table 1 for run
conditions). The time scale has been broken at 30000 sec and been expanded to highlight
the differencesin initia rates and the smilaritiesin final rates.

Table 2 shows the averages of the final Caand Si release rates for al fixed-bed external
recycle mixed flow reactor experiments at 25 hours. Because the varying conditions had
no influence on the final release rates of Caor Si, the mean was calculated at each pH
using al the experiments. In addition, the mean was calculated for all S release rates for
every experiment over 14 hoursto be 2.13 x 10° (+ 1.03 x 10° mol/m*sec, 1s, n=67).
Within experimental error, the final release rate of Si isindependent of pH from pH 2 to 6.
The log of the mean Si release rate was submitted to a statistical T test and using a total of
70 data points, there is a 95% probability of being incorrect if the hypothesis that the log
rs equals -8.67 is rejected.

Table 2. Average release rates for experiments up to 25 hours for each pH tested.
pH Avg. rg AVQ. I'ca

(mol m?s") | (mol m?s?)
1.80x 10° | 9.11 x 10°
1.29x 10° | 851 x 10°
1.97x 10° | 10.1x 10°
2.06x 10° | 8.42x10°

D A~ WDN
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The Carelease ratesin Table 2 appear similar suggesting pH independent release.
However, when fitting a line to the data (Fig. 4) the trend is decreasing Ca release with
increasing pH. Typicaly, Carelease rates were 0.7 - 0.8 log units faster than Si release
ratesin al experiments and log rc, = -7.75 - 0.07 pH (from Fig. 4). The average rc, from
all experiments over 14 hoursis 7.53 x 10 (+ 3.88 x 10° mol/m?/sec, 1s, n=42). All of
the raw data from every experiment isin Appendix D.

Because Ca release rates were always higher than Si release ratesit is assumed thereisa
uniform thickness, Ca depleted leached layer, formed on the surface of wollastonite. The
thickness of thisleached layer was calculated using the following equation (Chou and
Wollast, 1984):

L= (drICa' I"se)dt) Vil A (2

A power function wasfit to the Si and Ca release rate data from each experiment and the
area between the functions integrated from 60 sec to the end of the experiment. The
integration was not begun at t = 0 because of the difficulty in fitting afunction fromt =0
to 60 sec; this did not significantly affect the leached layer calculation based on a
comparison of integrations begun at 0 and 60 sec. Figure 5 shows atypical fit of the
power function to the measured release rates of Caand Si. When calculating the leached
layer thickness, the initial surface area of the solid and molar volumes of both wollastonite
and quartz glass were used (Robie et a., 1979). These materials were chosen as possible
end member compositions to bracket the probable range of thickness of the leached layer.

Table 3 lists al runs with their final measured BET surface areas, calculated leached layer
thickness, and calculated dissolution rates from final specific surface areas. Leached layer
thickness could not be calculated for every experiment because either the function was a
poor fit or flow conditions were varied in such away that they disrupted the typical
release rate curves. Thefina surface areafor run A could not be measured because of the
comminution of the material.

The rates from Table 3 are very different than those calculated using initial Ag, because of
the very high measured BET surface areas from materials reacted at low pH'’s. For
example, r*4 for run U istwo orders of magnitude lower than rg for the same run. In these
experiments measured BET surface areas increase from an initial value of 0.3 m? g to as
high as 35 m? g after less than 100 hours. The lower theinitial pH reacting solution the
greater the final measured Ay, but aso the longer the experiment the greater the final Ag,.

A series of experiments was designed and run to show the development of measured BET
Ag With time at pH 3. These experiments were run without varying flow rates and
unreacted wollastonite was used for each time interval beginning at 1 hour and reacting up
to 72 hours. BET surface area was measured for each run and Si release rates cal culated
normalized with initial Ag, (Appendix D, Experiment Hr). A power function was fit to the
data (Fig. 8) and suggests that surface area increased quickly and continued to evolve
throughout the duration of these experiments.
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Table 3. Compilation of final measured BET specific surface areas, the resulting
dissolution rates, and the calculated leached layer thicknesses.

Run pH Ag Lwo L gz glass r*s ™ ca
(m? g (m) (m)  |(mol m?s%)|(mol m?s?)

A 2.0 NA [1.92x10"|1.31x10" NA NA
B 4.7 3.70 NA NA |154x10%°|4.60x 10
D 5.9 5.00 NA NA |1.00x 10%°|3.63x 10
G 4.0 336 |202x10®%|1.38x 10%2.53x 10™°| 12.1 x 10"
H 3.9 703 |471x10%|3.21x 10%1.10x 10%°| 5.24 x 10™
| 4.0 469 |3.25x10°%(2.22x 10%1.07 x 10™°| 5.28 x 10™°
J 2.9 6.08 |4.23x10%|2.89x 10®|7.00x 10™|5.86 x 10™
K 2.9 740 |4.14x10%|2.83x10%4.16 x 10| 3.17 x 10™
L 29 6.06 |5.05x 10°|3.45x 10®|5.68x 10™| 4.04 x 10
Hr 2.9 11.13 | 6.99x 10®|4.77 x 10®|3.12 x 10™| 2.18 x 10™°
N 5.9 1.69 |233x10°|1.59x10%3.93x10%°|11.0x 10™
P 6.0 223 |3.00x10%|2.05x 10®|2.56 x 10"°| 12.7 x 10™°
Q 2.0 1356 | 9.48x 10®|2.34 x 10®|4.57 x 10| 2.34 x 10™°
R 2.0 11.03 |8.98x 10®|5.75x 10®|5.75 x 10™| 2.45 x 10™°
U 1.9 3550 |1.88x107|1.28x107|9.61x 10**|0.67 x 10

L eached layers were calculated to be hundreds of Angstroms thick and were thicker for
lower pH experiments of the same length (Fig. 9); they range from 230 € at pH 6 to 900 &
at pH 2 for experiments up to 24 hours. In experiments conducted for longer durations,
up to 200 hours, leached layers were calculated to be close to 2000 e thick. Figure 10
shows that there is a very high correlation between measured BET surface areas and
calculated leached layer thickness.
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FIG. 8. The results of a series of experiments showing the evolution of BET surface area
over time for wollastonite at pH 3.
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FIG. 9. Calculated leached layer thickness, using the molar volume of wollastonite, versus
pH. Although there is scatter in the data due to the narrow range of they axis, the trend
shows a greater thickness of the leached layer at lower pH.
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FIG. 10. Comparison of calculated leached layer thickness to measured BET surface area
of wollastonite. The plot suggests that the increase in the measured surface area can be
attributed to the surface area in the pore spaces of the dehydrated leached layer.

Chapter 7 Discussion

Leached layers often form on the surfaces of silicate minerals that dissolve incongruently.
Some previous studies have inferred their existence from nonstoichiometric dissolution
rates (e.g., Bailley & Reesman, 1971; Schott et al., 1981; Chou & Wollast, 1984; Schott &
Berner, 1985; Xie & Walther, 1994; Stillings & Brantley, 1995) and others have
confirmed their existence by direct microscopic examination (e.g., Hochellaet al., 1987;
Petit et al., 1987; Hellman et al., 1990; Casey et d., 1993; Banfield et al., 1995).

Inosilicates, such as pyroxene, develop aleached layer composed of Si-O chains that
remain behind as akalis and akaline earths are removed out the crystal. Under acidic
conditions, the alkalis and alkaline earths are leached from network aluminosilicates more
quickly than auminum, which hydrolyzes more rapidly than silicon. Hydrogen left behind
by the exchange reaction has been measured to depths of hundreds of Angstromsin the
remaining leached surface (Petit et al., 1987; Casey et al., 1988). These observations
show that it is the hydrolysis of the Si-O bonds in the remaining silica-dominated |eached
layer that is the rate limiting process in the dissolution of many silicate and aluminosilicate
minerals (Muir and Nesbitt, 1991), and not diffusion of metal cations through the leached
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layer. At steady stateit is believed that the release rates of S and Ca are coupled; the
hydrolysis of the Si-O bonds controls the growth of the leached layer thereby influencing
the rate of Cadiffusion through the leached layer.

Thereis evidence that the Si-enriched surfaces repolymerize to form crosslinked structures
(Casey et al., 1988; Casey et d., 1989; Hellman et a., 1990; Casey et a., 1993) by
reactions such as:

© S-OH + HO-S° ® ° S-O-Si° +H,0

Evidence for this comes from the fact that remnant hydrogen measured in the leached
layer is less than predicted by the exchange reaction with released Ca*, Na', and Al**
(Casey et ., 1988; Casey et d., 1989). Raman spectroscopy of reacted wollastonite
shows silica networks that contain four-member rings (Casey et a., 1993). Finally,
increasing measured BET surface area has been observed that does not contribute to
release rates, suggesting more unreactive surface area. Casey et a. (1993) proposed that
the constant or decreasing Si release rates observed as the BET surface area of
wollastonite increases, is the result of silicareconstruction in the leached layer into aless
reactive form resembling vitreous silica. The increasing BET surface areas coupled with
decreasing Si release rates from wollastonite are similar to observations made in our
experiments.

It isusually assumed that dissolution rates are directly proportional to adissolving
minerd’s surface area (Rimstidt & Barnes, 1980; Lasaga, 1981), but the relationship
between dissolution rates and BET surface area does not always follow thistrend. Only
the portion of the surface area that contains reactive sites contributes to mineral
dissolution (Helgelson et al., 1984; Zhang et al., 1993). BET measurements of reacted
wollastonite showed large increases in Ag over the course of our experiments, yet the
dissolution rate decreased (Fig. 5). Stillings & Brantley (1995) calculated the rate of
feldspar dissolution by adjusting their rates to account for this changing surface area. The
present experiments show that silica release rates from wollastonite decline as the specific
surface areaincreases from 0.3 to 35.0 m°g™ (Fig. 11). These large increases of measured
Ay are the result of the growing internal porosity of the leached layer (Fig. 1b and Fig.
10). Using fina surface areasto calculate dissolution rates treats this leached layer
materia asif it has the same reactivity as the fresh minera surface (Brantley & Chen,
1995; Stillings & Brantley, 1995), but thisis not consistent with our observation that the
release rates of Caand Si decrease with time. The present study follows the lead of Xie &
Walther (1994) who used initial Ag, to calculate wollastonite dissolution rates. It follows
from these observations of declining Si release rates with time (Fig. 11) that the reactive
surface area must be reacting away, leading to a reduction of the density of reactive, high-
energy surface sites (White et al., 1996). It has already been demonstrated that much of
the final wollastonite Ag, is due to internal surface area (Fig. 10), and this surface does not
seem to contribute to Si release rates.

From the initia incongruent dissolution of wollastonite it can be inferred that the initial
dissolution processes of Caand Si from wollastonite are independent of each other. This
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suggests that rate laws that are based on reaction affinity (Lasaga, 1995) should not apply
to these incongruent reactions. The independent reactivity of wollastonite componentsis
consistent with the additivity model of silicate thermodynamics (Chermak & Rimstidit,
1989) that models theD G;° and D H;° of minerals as if they are made up of a collection of
independent oxide polyhedra. A higher concentration of Cain the reactor effluent was
always observed, suggesting that Si is being left behind as part of aleached layer on the
minera surface; thisis consistent with the lower solubility of SIO, compared to CaO. The
existence of the Si-enriched leached layer was confirmed by qualitative EDX analysis of
unreacted and reacted grains. A comparison of the Si/Ca peak ratios showed the ratio
changed from 0.87 to 2.87 respectively (Appendix B) and SEM photographs of reacted
wollastonite surface (Fig. 1b) verify the existence of the leached layer. Thus the overal
reaction for the hydrolysis of wollastonite in an acid environment is best explained by a
two step process (Murphy & Helgeson, 1987):

nCaSiO; + 2nH* ® nCa®™ + (H,Si0s), (3)
(H2SI03), + nH,O ® n(H4SIOy) (4)
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FIG. 11. Plot of S release rate versus time for experiment Hr. This experiment showed
the evolution of BET surface area by measuring Ag, at each timeinterval. Itisclearly
shown how the S rate decreases with time despite increasing BET Ag,.
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If the hydrolysisof Si at the wollastonite surface formed a silica gel with the approximate
composition (H,SIO3),, perhaps the dissolution rate of this Si could be predicted from our
knowledge of SO, dissolution rates (Rimstidt and Barnes, 1980). According to the
principle of detailed balancing, the equilibrium constant (K) for areaction is equal to the
forward reaction rate constant (k.) divided by the reverse reaction rate constant (k ), or
K=k k ()
Rimstidt and Barnes (1980) showed that k isthe samefor all silica phases. Therefore if
K can be estimated, we can predict k. for near equilibrium conditions. If the leached layer
had a solubility equivaent to highly polymerized amorphous silica, or silicaglass, log K
would be-11.89 and log K. ansy would equal -12.13, so r = 10*** mol/m?/s. This
calculated rate is three and a half orders lower than the measured rg of wollastonite, rswo)
=10°%" mol/m?/sec, suggesting that the leached layer is not highly polymerized. The
calculated rate would be higher for a more soluble hydrated silica polymer, (H.SIOs3),. We
can estimate the D G¢°, and the solubility of this hydrated silica using an additivity model
asfollows:

H,Si0s = ;Sio2 an + ;H4SiO4,so 6)
o] 1 o] 1 o]
D G°Hzsios) = E DG®° (sioa@m) + E D G° asios @)
. 1 1
D G (H2si03) = E (-853.95) + E (-1308) (8)

The values of -853.95 and -1308 kJmol are from Chermak and Rimstidt (1989), and
Robie et a., (1979) respectively.
= -1080.975 kJmol
DG/’ =-1,308 - (-1,080.975) - (-237.141) 9

DG° =10.12 k¥Ymol

log K = -10116/(2.303 RT) (10)
logK =-1.77
K=10""
Following the same procedure as above to calculate k..
k.= (10"")(10°%) = 10™**° (11)
r = 10™*° mol/m?/s (12)

Thisisstill two and a half orders of magnitude lower than the observed rate of S release
from wollastonite suggesting that the leached layer dissolution reaction occurs so far from
equilibrium that the principle of detailed balancing failsto apply. Thisfailure probably
arises because the reaction mechanism at steady state is different than for the near
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equilibrium conditions where only monomeric silicais released by S-O-Si bond hydrolysis.
However, the observed high rate of Si release could perhaps be explained if the leached
layer consisted of silica chains remaining from the wollastonite structure and the hydrolysis
of Si-O-S bonds at various places along these chains releases polymers of various lengths
into solution (Fig. 12). Asthese polymers are released into solution they quickly break
down to monomers yielding the high measured Si release rates for wollastonite.

The Carelease rate was very high at the beginning of each of our experiments and the rate
declined over time in away that suggests that it will eventually become equal to the S
releaserate. Thus, the reaction seemsto evolve from very nonstoichiometric dissolution
that rapidly produces leached-layer silicato one that becomes more or less stoichiometric
so that leached-layer silicais produced at the same rate asit dissolves. This behavior can
be easily explained if the rate of Carelease is controlled by its transport through the

leached layer.

Equation (3) suggests that Ca removal from wollastonite should be much faster at low pH.
This means that leached layer silicais produced faster at low pH asisshownin Fig. 9.
However, the dissolution rate of the silicain the leached layer is independent of pH
(equation 4, and Fig. 4). This means that the leached layer isthicker at low pH (Fig. 9)
and presents alonger diffusion path for Catransport into the solution. This offsets the
faster rate of reaction (3) so that at steady state the Ca rates should also become pH

independent.
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FiG. 12. Schematic representation of proposed wollastonite dissolution. Ca®* O diffuses
through the Si © enriched leached layer. Therate of Ca’* dissolution is dependent upon
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the thickness of the leached layer that is dependent upon the H™ ® concentration. The
hydrolysisof Si isrelated to polymer dissolution.
Previoudy we have shown how to calculate the thickness of the leached layer using
equation (2). Taking this step further it is possible to model the rate of the leached layer
growth (dx) with time (dt):

dx

Y = (rears)Vm (13)
Transport through the leached layer is modeled as diffusion through alayer of thickness x
(Muir & Neshitt, 1997):

rCa = ]_OLDX (mCa, xtl = mCa, sfc) (14)

Where D is the diffusion coefficient in (cm?s) and (Mca.xi - Mea « ) is the changein
concentration of Ca from the wollastonite/leached layer interface to the leached
layer/solution interface or Dmca in (mol/L) (Fig. 13). Substituting (14) into (13) we have:

dx D

m (DX (Dmca) - rs)Vm/10) (15
At steady state the leached layer growth rate is zero, hence the thickness of the steady
state leached layer:

Xs=DDmea/ 10 rg (16)

Equation (16) shows that the leached layer thicknessis proportional to the changein Ca
concentration. This difference should be greatest at low pH supporting our observation
that the greatest leached layer thickness occurs at low pH.
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FIG. 13. Schematic representation of the wollastonite surface. Diffusion of Ca2* through
the Si enriched layer is dependent on the change in concentration of Cafrom the solid to
the solution (Dmc,) and the thickness of the leached layer (Dx).

Chapter 8 Conclusions

A new reactor was designed to investigate the dissolution rate of wollastonite. This
design was necessary to overcome comminution effects and transport limited dissolution.
A comprehensive series of experiments was run from pH 2 through pH 6 varying
operating conditions to test the effect of changes on Caand Si releaserates (Table 1). A
comparison of the results with previous work (Fig 14) shows that the Si release rate data
isin the same range; however the results of this study have shown that the S release rate
is independent of pH (Fig. 4).

There are afew important issues that arise from observations made while conducting these
experiments. By varying flow conditions, it was possible to affect initial Caand Si release
rates from wollastonite, but final, near steady state release rates, were independent of the
flow conditions used in this study(Figs. 6 & 7). The dissolution of wollastonite was
nonstoichiometric up to 190 hours with Ca dissolving at a faster rate than Si, but the Ca
release rate approached the Si release rate over the course of the experiments suggesting
that the reaction will eventually become congruent (Fig. 5). Theinitia incongruent
dissolution of wollastonite leads to the formation of aleached layer on the surface of
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wollastonite. The cracked and porous nature of the dehydrated |eached layer was the
cause of the large BET surface area increases measured on wollastonite (Fig. 10);
however the leached layer thickness apparently had no affect on final Si release rates.

It is proposed that the dissolution of wollastonite is a two-step process. Cais released
from wollastonite at arate that depends on the pH of the solution. The rapid initial Ca
release leads to the formation of a Si-enriched leached layer composed of hydrated silica.
As the leached layer thickness increases, the Ca release rate slows measurably because the
Ca hasto diffuse through the leached layer to enter the solution. Ultimately, the Ca

rel ease rate appears to become equal to the Si release rate, which is independent of pH
(Fig. 4). This occurs because the leached layer isthicker a low pH (Fig. 9) and it isthis
thickness that controls the rate of Carelease (Fig. 13).

It isthe hydrolysis of Si that is the overall rate controlling step in the dissolution of
wollastonite. Under acidic conditions, the hydrolysis rate of S-O-Si is independent of pH
and this rate controls the thickness of the leached layer. Therate of Si release from
wollastonite is much faster than that predicted from the principle of detailed balancing.
We propose that the fast release of Si from wollastonite is due to the hydrolysis of Si-O-S
bonds at random sites along the hydrated silica chains so that linear silica polymers are
released into the solution, these polymers subsequently hydrolyze to silica monomers (Fig.
12). Thistheory agrees well with those that propose repolymerization of the Si-O chains
(Casey et al., 1988; Casey et d., 1989; Hellman et al., 1990; Casey et d., 1993) and
explains the high rate of S release from wollastonite.
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FIG. 14. Comparison of log Si release rates from wollastonite reported by various studies.
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APPENDIX A Nomenclature

A
A
D
DG®
DG’

lca

r’Ca

total surface area of the solid (m?)

specific surface area of the solid (m?g™)

diffusion coefficient (m/s)

free energy of formation (kJ mol™)

free energy of reaction (kJmol™)

equilibrium constant

leached layer thickness calculated using the molar volume of quartz glass
(m)

leached layer thickness calculated using the molar volume of wollastonite
(m)

mass of solution (g)

gas constant (8.318 Jmol™* K™)

temperature (K)

molar volume of the solid (m® mol™)

dissolution rate constant (sec™)

precipitation rate constant (sec™)

net concentration change of Ca from the wollastonite/leached layer
interface to the leached |ayer/solution interface (mol/n)

release rate of silica (mol m? sec?)

release rate of calcium (mol m? sec™?)

release rate of silica calculated from final surface area (mol m? sec™)
release rate of calcium calculated from final surface area (mol m? sec’™t)
apparent rate of silica release from solid (mol sec™)

apparent rate of calcium release from solid (mol sec™)

concentration of component j (mol)

recycle rate of solution in the reactor (L sec™)

solution flow rate through the reactor (L sec™)

release rate of component j (mol m? sec™)

time (sec)

leached layer thickness (m)
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