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ABSTRACT
The kinetics of the acid digestion of serpentine is an important scientific and
industrial issue as pertains to carbon dioxide sequestration.

Serpentine contains

approximately 25% magnesium by weight and is prolific near most major population
centers. These two properties make serpentine an ideal mineral carbonation feedstock.
However, serpentine is a highly ordered ultramafic magnesium silicate structure
consisting of alternating sheets of brucite-like material and silica-like material. This
highly ordered structure causes the formation of a silica barrier around the mineral
particles that can slow or even stop the kinetics as the particles dissolve. The physical
behavior of this layer causes a shift in kinetic behavior from surface limited kinetics to
diffusion limited kinetics. However, it has been shown that both behaviors are important
at the same time and vary by particle size. Further, it has been shown that the kinetics
can be greatly accelerated by incorporating concurrent, low energy, attrition-type
grinding during the chemical reaction. A computational model based on surface kinetics,
surface species distribution, surface charge, the electrical double layer, gel layer
diffusion, solution thermodynamics, and particle size and shape was developed to
describe the kinetics. It was demonstrated that the computational model can describe the
experimental fractional magnesium extraction of magnesium from serpentine within ~3%
in every case and within ~1% in most cases with reasonable understanding and
characterization of the materials going into the system. It was found that particle shape
as well as size plays a critical role in the kinetics. However, the tools to quickly and
adequately characterize particle shape were not available during this study and represent
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a great opportunity for future research. The experiments performed in this study allowed
the model to be predictive and be used to size and design of large scale industrial
equipment and estimate the upper bound of the energy consumption for the system. It
was found that the total parasitic energy loss for the large scale digestion system would
be less than 6.1%, which is much less than competing technologies.
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Chapter 1
Introduction

Background and Identification of the Problem: Global Warming
In the past century, the level of human control over, and impact on, the global
environment has become unprecedented. The industrial and computer ages have allowed
man to construct machinery and spread our knowledge and influence to nearly every
corner of the earth and beyond. However, all of this activity has had severe demands on
the environment in which we live. Of all of the demands in modern life, the demand for
energy is unprecedented and central to modern society and is perhaps the most strenuous
on the environment. Of all of the energy consumed in the world, 91% comes from
combustion of carbon-containing fuels and 80% from the combustion of fossil fuels.[1]
The result: the largest single anthropogenic product of the modern era, carbon dioxide
(CO2). It is estimated that the total world production now exceeds 25 billion tons per
annum.[1] Because of the established infrastructure, cost of alternatives, and societal
pressure, carbon-containing materials are likely to remain our major source of energy for
the near future. However, the production of CO2 cannot be sustained without risking our
future.
The relative stability of CO2 and the fact that the generation rates far exceed the
uptake rates mean that the atmosphere is acting like an accumulation sink for CO2.
Figure 1-1 shows the annual anthropogenic CO2 production in terms of the carbon mass
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and the atmosphereic carbon concentration as a function of the year AD. For nearly a
millennium prior to 1855, the atmospheric carbon content was relatively stable at about
280 ppmv, as determined from gas samples retrieved from ice cores taken from the Law
Dome and Taylor dome in Antarctica.[2,3]

Figure 1-1: Anthropogenic Carbon Production (Left) and Atmospheric Concentration
(Right)[4]
Notice the strong trend correlation between both graphs in Figure 1-1. The rise in carbon
production began in the heart of the industrial revolution and significantly rose after
World War II with industrial production and global modernization. Further, the unchecked rise in atmospheric concentration is indicative of production exceeding natural
mitigation capabilities.
If CO2 were completely inert in the environment, the rise in concentration would
be inconsequential. However, CO2 absorbs infrared light. For the dilute concentrations
present in the atmosphere, the Beer-Lambert law adequately describes the absorption.
The amount of energy absorbed by CO2 is directly proportional to the CO2 concentration.
While the global energy balance and climate is quite complicated, it is feared that the
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significant increase in CO2 concentration has and will continue to upset the planetary
energy balance. This is the basis of the well-documented global warming phenomena.[5,6]
As can be appreciated, the planetary energy balance is quite complex. There are
literally thousands of factors that affect climate change on a multitude of temporal and
spatial scales, many of which are still not fully understood.[7]

Furthermore, the

computational capabilities limit the spatial resolution in grid framework such that no
single institution can produce a viable model on its own.[7]

Climate Modeling
In 1983, the National Center for Atmospheric Research brought forth a climate
model as an open source for the scientific community, called the Community Climate
System Model (CCSM). In the past two decades, the CCSM has undergone development
and scrutiny by almost every branch of science. The model now incorporates interactions
and contributions from atmosphere and ocean general circulation models, land surface
models, a sea-ice model, a tropical Pacific Ocean model, and a flux coupler that allows
for information exchange between different component models.[7-10] With all of the
refinement, the model is surprisingly accurate over most of the globe. Climatic data
inputs from the past century have been used as boundary conditions in the model and the
outputs were compared to current observations after attaining equilibrium. Figure 1-2,
shows the difference in sea surface temperatures and 2 m land air surface temperatures
between the latest CCSM (CCSM3) and observed data. Notice that in both cases, the
mean temperature difference is quite low, and the root square mean error (rsme) is
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relatively high. This is indicative of obtaining general, large-scale weather patterns and
trends, but missing the mark on regional trends.

For instance, the sea surface

temperatures are too low off Greenland because the model predicts that the Gulf Stream
swings out eastward off Nova Scotia rather than its normal northeasterly track up closer
to Greenland.[10] Further, there is significant warming near the western coasts of the
Americas and Africa due to the absence of coastal upwelling in the model.[10] Most
significant is the large temperature difference noted in the sub-arctics, specifically,
Greenland. These areas are known to play crucial roles in the effects of global warming.
[5,6,11,12]

Figure 1-2: Difference in Surface Temperatures Predicted by CCSM3 and Data[10]
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Many similar models have been developed by different institutions throughout the
world. At the time of the IPCC fourth assessment report, there were no fewer than
twenty-three climate models under development.[6] The relatively recent development of
many different climate models, each with its own unique sensitivities and responses, has
allowed researchers to create an ensemble response.[6,13] This is little more than allowing
the individual models to produce results with the same boundary and initial conditions as
well as the same known climate data and then averaging the responses. Figure 1-3 shows
the results of the ensemble used in the 2007 IPCC report The Scientific Basis.[6] Though
the ensemble does match experimental data more closely than any single model can,
regional error exceeds general temperature predictions (2-5oC). Even though the regional
climatic sensitivity may be low in some areas, the models do provide useful information
about general trends.
Several climate change scenarios have been developed with various levels of
population growth, economic activity, energy technology distributions, and emissions
levels. A very detailed discussion of these scenarios is available at the IPCC website.[14]
Figure 1-4 shows the ensemble global mean surface temperature response to several
climate change scenarios.
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Figure 1-3: Ensemble of 23 climate models used by the IPCC. The contour lines
represent the simulated temperatures. The color shaded contours represent model error
(simulated minus observed).[6]

Figure 1-4: Projected climate ensemble response to various emissions scenarios. Each
graph section represent different tests. The dark figure lines are the ensemble mean. The
light shading represents ±1 standard deviation from individual models. The color-coded
numbers are the number of climate models used in each ensemble for each graph
section.[6]
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The A2 scenario is characteristic of a world of independent nations who are all
self-reliant. The population in this world is not capped and continues to increase by
current estimates. There is regional economic development with slow development and
unequal technological and financial disparity. The A1B scenario is a subset of an A1
scenario, and is characteristic of rapid economic growth, capped population growth at 9
billion by 2050, rapid development and deployment of efficient technology, and a more
holistic, global social structure. Further, there is a strong emphasis on a balanced energy
portfolio. The B1 scenario is similar to the A1 scenarios, but with a rapid shift to service
and information economies throughout the world. The population growth is the same to
2050 but declines thereafter. There is a clear strategy in place to reduce the amount of
materials used in goods and to shift energy towards clean and resource- friendly methods.
Finally, there is a clear, global push towards solutions to economic, social, and
environmentally sustainable living. Very detailed plans and figures are laid out in the
Special Report on Emissions Scenarios put out by the IPCC.[14] The most reasonable
scenarios (A1 and B1) have a global temperature rise of about 2 to 3oC by year 2300.[6]

Increase of Storm Activity and Intensity
If the trends can be trusted, the world could be in for a wild ride. The last ten
years have been the warmest on record.[15-28] In 2005, the record high temperature was
set in absence of a strong El Nino signal. The warm trends have been associated with an
increase in storm activity, specifically tropical and extra-tropical cyclone activity. Of the
past ten North Atlantic hurricane seasons, seven have been said to be above to much
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above normal in activity. [15-28] In 1998, Hurricane Mitch killed over 11,000 people in
Central America.[26] Alberto (2000) was the third longest-lived hurricane on record.[23]
The hurricane season in 2005 was characterized as the busiest season ever. Katrina
became the single most costly storm in US history, causing in excess of over $125 billion
dollars in damage and claming more than a thousand lives.[18] 2005 was also the year
when the strongest hurricane on record was produced: Wilma. Wilma produced a central
low record of 882hPa. Though 2006 was a relatively inactive season in the Atlantic
basin, the tropical cyclone activity in Australia was unprecedented.

Three tropical

cyclones made landfall as Australian Category 5 tropical cyclone. One was the strongest
storm in Queensland since 1918, and another was the strongest ever recorded in the
Northern Territory.[17] It would appear that overall increased surface temperatures are
associated with increased numbers and intensities of major storms.
This is not surprising. A tropical cyclone can be thought of as the world’s largest
heat engine, taking advantage of latent heat stored in warm, humid, surface air and the
cold of the upper atmosphere. In fact, an average hurricane has been estimated to have a
Carnot efficiency of 23%.[29] An average-sized hurricane uses nearly 600 TW of heat
from the ocean surface to create and dissipate nearly 120 TW of mechanical energy.[29]
This is more than forty times the entire anthropogenic power in a single event.[29] It
should come as no surprise then that warmer sea surface temperatures translate into
greater numbers of hurricanes with greater intensity simply because there is more latent
heat available.

In addition, higher surface temperatures mean a higher potential

efficiency which means that the average size storm produces more mechanical energy.
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Figure 1-5: Global Surface Temperature Departure from the 1961-1990 Average[17]

Sea Level Rise
Further, the recent warm trends have been tied to significant sea level rise.
Figure 1-6 shows the global mean surface heights for the last decade. The sea level rise
has two components; thermal expansion and influx. The thermal expansion has been
estimated to account for 0.55 mm/year of sea level rise over the past century.[5] Three
major sources of influx are glaciers and ice caps, the Greenland ice sheet, and the
Antarctic ice sheet. The total potential contribution to sea level rise has been estimated to
be 0.5 m, 7.1 m, and 61.1 m respectively.[5]

Determining the mass contribution from

each component is quite difficult. Because of the sheer size, danger, and harsh conditions
involved in observing these systems, few data are available. However, the contributions
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to sea level rise have been estimated to be 0.25±0.1 mm/yr, 0.12±0.15 mm/yr, and
1.04±1.06 mm/yr respectively.[5]

The total estimated sea level rise from thermal

expansion and influx is 1.96±1.36mm/yr. This estimate, even with its great uncertainty,
does fall within the measured sea surface rise by satellite altimetry, as seen in Figure 1-6 .

Figure 1-6: Global Mean Sea Surface Heights by Satellite Altimetry[30]
Figure 1-7 shows the arctic ice extents in 2006. The magenta line represents the
average sea ice extent from 1979 to 2006.[17] The sea ice coverage and thickness have
reached record lows. Though floating sea ice contributes little if anything to the sea level
rise, the warming trend is easily seen through these observations. Further, estimates of
global glacial area have put the glacial retreat at as much as 1.2%.[31] With higher seas
combined with stronger and more frequent storm events and greater population density,
disasters are bound to be more significant and intense.
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Figure 1-7: Arctic Sea Ice Extents in 2006 for March (Left) and September (Right)[17]
Further still, many climatic simulations, such as the CCSM discussed above, have
been used to predict future sea level rise under the temperature conditions seen in
Figure 1-6. From these models the sea level is predicted to rise between 10 and 70 cm
from today’s values by 2100.[5,11,12] This could have a huge economic impact on the
world. A 25 cm sea level rise is estimated to submerge over 125,000 km2 worldwide,
which is approximately 0.69% of the total land area.[12] This may not sound like much,
but worldwide this would have a huge impact as many major cities and high-value
properties would be affected. The property value that stands to be lost is almost $31
billion if nothing is done to protect the land.[12] A full-protection scenario would cost an
estimated $533 billion (1997 dollars).[12] The cost would be felt in every market from
food to energy. The worst-case scenario from the most extreme of the climate models is
several to tens of meters.
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Ecosystem Response
Perhaps the greatest effect will be on the natural ecosystems. Almost every
ecosystem is sensitive to climate. Some systems can change and evolve with changing
climates. However, sensitivity to the extreme rate of change as of late could prove
equally troubling. Other ecosystems depend on weather systems and will not survive if
they change. And surely, some stand to benefit from climatic changes. The range of
climate impact is immense. Climate change could affect everything from the tree species
distribution in British Columbia,[32] to the biochemical processes of aquatic biota and
their associated ecosystems and functions.[33]

Our interest, knowledge, and

understanding of the impacts of climate change on ecosystems has grown over the last
decade. However, our understanding is still far from complete. The number of published
papers through the web of science database with the key words “ecosystem” and “climate
change” in the title/keyword/abstract search fields as a function of year is plotted in
Figure 1-8.
The amount that we understand is still small but it is growing at an accelerated
pace. The greatest danger is loss of habitat or habitat changes that result in species
extinction. Though the risk is difficult to estimate, some researchers have estimated that
up to 36% of current species could be at risk of extinction by 2050 under the current
climate change scenarios.[34] This represents a tremendous and irreplaceable loss in
biodiversity and understanding.
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Figure 1-8: Number of Papers Published with Keywords “ecosystem” and “climate
change” Available Through Web of Science.

Human Health Impact
A warmer climate could also pose human health hazards. Aside from the effects
of flooding and storms, the disease rate could be much higher. Many of these health risks
are based on the statistics of health-related issues tied to El Nino warming patterns. The
El Nino warming trend has been tied to increased rates in mosquito-borne illnesses and
tropical diseases such as malaria, cholera, hantavirus infection, Rift Valley fever, dengue
fever, and SAARS.[35] The fear is that the potential increase in global mean temperature
will increase the intensity and duration of El Nino events and thus increase the spread of
disease.

Moreover, increased temperatures in populated areas have lead to many

fatalities in recent years. In 2003, a record heat wave killed over 15,000 people in France
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over just a few weeks, many of whom were the elderly and weak.[35] In addition, lowlevel ozone formation is directly tied to the temperature. Warmer ground temperatures
could lead to the greater ozone concentrations, which are known to cause lung and health
problems for people with allergies and asthma.[36-38]
Though there is significant disagreement about the magnitude of global warming,
all reasonable investigations and modeling would say that the rise in greenhouse gas
concentration, specifically CO2, is a major contributor to the climate change and will
continue to be in the future.

If nothing is done, the economic, social, health and

ecological costs could be enormous.

It is no longer a question of whether or not

humankind is affecting its environment but rather how much, and how fast. The key
questions that must be understood now are: how much do we really understand, and what
should our proper response be. Based on our current climatological understanding,
research into efficiency gain, alternative energy, and greenhouse gas prevention that does
not have severe economic penalty is warranted. If our continued understanding shows
more certainty of ecological disaster, more extreme measures should be taken.

Targeted Solution: Mineral Carbonation
There is no single solution to rid the world of the massive carbon emissions that
we currently have. The demand for energy is likely only to increase as population grows
and as the per capita income increases. If the way we generate and use the energy
continues as it does today, it is expected that the anthropogenic CO2 will at least double
in fifty years.[39] With this in mind, there are a few basic strategies to reduce carbon
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emissions.

First, energy conversion efficiencies of existing technologies must rise.

Improvements in energy conversion efficiency mean more useful work can be done with
the same amount of energy, which reduces the need for carbon-containing fuels. Second,
a larger sector of the fossil fuel energy market can be replaced by non-carbon producing
energy sources such as wind, solar, geothermal, biomass, and nuclear energy. Finally,
the combustion products from the fossil fuel energy sector can be captured and
sequestered.
More specifically, for the CO2 atmospheric concentration to stabilize at about 500
ppm, emissions will have to be capped at current levels for the next fifty years and be
reduced thereafter. Given that the carbon emissions are likely to double in the next fifty
years,[39] the entire current annual volume of carbon emissions would have to be
prevented from reaching the atmosphere by 2058. To put this in perspective, each of the
following would result in 1 GtC/year savings: raising the fuel economy of two billion
cars from thirty to sixty mpg; decreasing the per annum mileage of two billion, 30-mpg
cars from 10,000 to 5,000 miles; producing the future electric power needs at an average
of 60% efficiency rather than today’s 32%; replace 700 GWe of coal power with nuclear;
add two million 1 MWe peak wind mills to replace coal fired technology; replace 2000
GWe of coal power with photovoltaic power; convert one-sixth of the crop land in the
world to produce bio-fuels that replace fossil fuels.[39]

Obviously, some of these

solutions are more reasonable than others at the scale necessary to reduce carbon
emissions by 1 GtC/year. However, what cannot be gained through conservation and
efficiency must be made up in CO2 capture and sequestration.
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One of the capture and sequestration options that could be used to meet the
desired CO2 emissions is sequestration from stationary point sources. Of the many ways
that CO2 can be sequestered, mineral carbonation is the only method that can sequester
CO2 for geologic time frames and, if done correctly, could be the most benign approach.
Mineral carbonation mimics natural processes that capture CO2, but with greatly
accelerated kinetics.
There are several key attributes that a mineral must have to work for mineral
carbonation at large scales. First, it must contain a significant amount of metals that can
form stable carbonates. That is to say, the formed carbonates will not dissolve easily
under most naturally occurring environments. Metals that can form stable carbonates
include magnesium, calcium, manganese, and iron. Second, the mineral cannot include
significant portions of already carbonated material. Finally, it must be found in large
quantities near major population centers and be easy to access. Fortunately these metals
are copious in igneous rocks within the earth’s crust. Of these minerals, the ultramafic
minerals are of interest because of their low silica content (or conversely high metal
(hydr)oxide content). Many of these ultramafic formations are found on the sea floor
where heat and pressure transform them into sheet silicates.

Through continental

movement, these minerals get pushed to the surface. One such mineral is serpentine
(Mg3Si2O5(OH)4).

Serpentine makes an ideal starting material because it is widely

available throughout the world and coincides well with many major coastal populations
in the form of rock outcroppings.
The basic carbonation reaction for serpentine is shown in Eq. 1.1.
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Mg3 Si2O5 ( OH )4( s ) + 3CO2( g ) → 3MgCO3( s ) + 2SiO2( s ) + 2 H 2O( l )

1.1

The technology to achieve the above chemistry can be divided into two classes:
direct, high-pressure carbonation and aqueous, low-pressure carbonation. In direct
carbonation, processed mineral is exposed to purified CO2 at elevated temperatures and
pressures, where the conditions allow for direct, rapid combination of metal oxides to
form metal carbonates. However, it is impractical, as pressures exceeding 150 atm
(beyond the critical pressure of carbon dioxide) are necessary for the carbonation to
occur.[40-44] Furthermore, monetarily and/or energetically expensive mineral pretreatments are necessary to increase solid activity and drive the kinetics.[40-44] For any
process of scale, direct carbonation would be exorbitantly expensive, due to the cost of
constructing and operating such a high-pressure, energetically intensive reaction system.
A more practical solution is aqueous, low-pressure carbonation. In this process,
the magnesium and calcium are leached out of mineral particles by acid attack and are
combined with carbonate ions from CO2 to form precipitated magnesium or calcium
carbonate in a separate step. This process has several additional advantages in that pure,
high-value products can be generated, such as high-purity iron hydroxide (including highpurity magnetite), magnesium carbonate, and high-surface-area silica.[45] In addition, the
process can be combined with salt or fertilizer production and can be fueled by heat from
the CO2 source.[46-47] These factors together could yield a CO2 sequestration process that
is cost-effective and potentially profitable.
As with any process, the kinetics determine the size of equipment and thus the
capital cost. The slowest step in this process is the digestion of magnesium or calcium
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from parent, untreated mineral.

Many abundant magnesium- or calcium-containing

minerals also contain silica in their structure. This poses a problem for the digestion.
With the exception of hydrofluoric acid, the silica will dissolve at a considerably slower
rate under acidic conditions as compared to the magnesium and thus it can be left behind
as a solid on the surface, which forms a diffusion barrier that drastically slows the
overall kinetics.[45,48,49] This is especially true with serpentine because of its sheet silicate
structure.[45,48,49] Figure 1-9 shows the ideal structure for serpentine.[42]

Figure 1-9: The Ideal Structure for Serpentine[42]
The grey tetrahedrons with red tipped ends are silica groups, the large green
spheres are magnesium, and the red and white conjoined spheres are hydroxides. It is a
very ordered structure with silica groups bound together in their basal plane and a
brucite-like sheet sharing the electro-negativity of the antipodal oxygen of the silica. The
ordered silica sheet and the brucite-like sheet are held together by ionic forces and shared
structural oxygen. The two sheets combine to form a layer that is repeated in space and
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are bound together by hydrogen bonding. Despite the tendency to form a dense diffusion
barrier, serpentine is still desirable because it is widely available and has some of the
highest CO2 sequestration capabilities if normalized by the weight of the starting mineral
and reactivity.[41,50]
There have been relatively few studies conducted on the dissolution of untreated
serpentine in strong acids for the purposes of mineral carbonation.

Most available

research has focused on metal extraction for metal production[51-53] or on geo-chemical
kinetics.[54,55] In either case, the serpentine has undergone some sort of pre-treatment or
the pH range of interest in the study was too high (above one). Only one study has been
found dealing with the kinetics of untreated serpentine in strong acids[56] and no study has
been found in which a detailed kinetic model has been developed that can describe the
kinetics of the dissolution of serpentine under a wide range of concentrations (strong and
weak), at low and high magnesium extraction levels, and that capture the
mechanical/chemical behavior with simultaneous grinding.

Hypotheses
The kinetics of the digestion of serpentine with a single strong acid can be
improved by including concurrent grinding. The kinetics under such conditions can be
described by a computational model that accounts for surface speciation, the electrical
double layer, surface reaction, gel layer diffusion, particle size distribution, material
balance, and solution equilibrium.

Chapter 2
Literature Review

Historical Overview of the Research Field
The first to propose the dissolution of serpentine in acid for the purposes of
carbon dioxide sequestration was Klaus Lackner in 1995.[57] He and his colleagues
showed that the thermodynamics for both the dissolution of serpentine and the formation
of carbonates were favorable. He proposed a method of forming carbonates from metal
(hydr)oxides by dry carbonation at high pressures and also the direct carbonation of
natural hydroxides or the carbonation of pure, processed (hydr)oxides produced from
natural hydroxides like serpentine.
The idea sparked a great deal of interest in the scientific community. Soon after,
many people were investigating the carbonation potential of several different minerals.
Most notably, William O’Connor and his research team at the Albany Research Center
conducted several studies on the high pressure direct carbonation of serpentine.[41,58,59]
O’Connor’s research focused on a direct chemistry approach in which purified, high
pressure carbon dioxide is directly exposed to serpentine in an aqueous medium.
However, it was found that the widely available serpentine was not reactive without pretreatment of some kind. The mineral pre-treatments included roasting the serpentine at
high temperatures and/or grinding to very fine particle sizes. It is thought that both pretreatments increase reactive capacity and rate through the transformation of the highly
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ordered structure to one that is amorphous.[40,42,60] Removing the highly ordered structure
allows reagents to reach and interact with interior metals by removing the strong Si-O-Si
bond structure from the material. Figure 2-1 and 2-2 show the X-ray diffraction patterns
for each kind of treatment. It is apparent that the crystal structure is destroyed and
becomes amorphous.
Though these treatments do allow for rapid reaction (80-100% conversion in
under 30 minutes[40,58]), it can be appreciated that the energy put into the system to
achieve these results is not trivial. O’Connor et al, estimated that the parasitic plant
energy loss for a typical coal fired power plant would range from a minimum of 15% to
as much as 222%, based on reactivity, mass balance, and pretreatment energy
calculations.[41]

The scenarios with low parasitic energy losses suffered from low

chemical conversion which results in much more material usage.

Those with high

conversion and low material usage suffered from large parasitic energy loss.
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Figure 2-1: Powder XRD Scans for Serpentine Undergoing Grinding Pre-Treatments for
Various Times[60]
To produce the kind of structure in Figure 2-1, it was estimated that the grinding
energy needed would be in the range of 230-250 kWh/ton of mineral.[41] To produce the
heat treated structures in Figure 2-2, it was estimated that the parasitic energy loss would
be on the order of 300-380 kWh/ton of mineral.[41]
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Figure 2-2: Powder XRD Scans for Serpentine Undergoing Thermal Pre-Treatments at
Various Temperatures[42]
The findings of O’Connor in 2004 significantly slowed the pace of research in the
field because the energy and monetary costs for the proposed mechanisms were too high.
However, a few groups continued to work to eliminate the pre-treatment energy costs by
splitting the chemistry into two steps: a chemical extraction of magnesium at low pH and
carbon dioxide adsorption at high pH. The first to propose this route was Ah-Hyung
Alissa Park at Ohio State University. In two papers in 2003 and 2004, Park showed that
magnesium extraction could be enhanced by the incorporation of both a mixed
acid/organo-ligand solution[61] and internal in situ grinding.[45] Further she proposed and
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demonstrated that by slowly raising the pH of the solution, one could isolate impurities
by precipitation and form magnesium carbonate by addition of carbon dioxide at
atmospheric pressures and temperatures.[45] Of greatest importance, it was demonstrated
that the kinetics of the extraction of magnesium from serpentine could be at least doubled
by the incorporation of a low energy, attrition-type grinding during the dissolution.

Previous Studies on the Dissolution of Serpentine
As mentioned in Chapter 1, there has been relatively little work done on the
kinetics of the dissolution of serpentine in strong acids (pH less than one). In the 1970’s
there was some interest in the rapid dissolution of serpentine in the hydrometallurgy field.
At least one study was done on the extraction of nickel and magnesium from Canadian
serpentine. It was shown that roughly 80 to 85% of the nickel and magnesium could be
extracted from serpentine in under two hours with roughly 0.6 molar sulfuric acid at
seventy degrees Celsius.[51]

However, the study was conducted with mineral pre-

treatments consisting of heating to 900C and cooling in hydrogen, producing a reduced,
roasted mineral reagent.[51] This study showed that the extraction of nickel proceeds with
first order kinetics and has an activation energy of about 11 kcal/mol and that the
dissolution of magnesium loosely obeys a rate law consistent with a shrinking core model
with unimpeded diffusion up to conversions of about 25-30%.[51] After 30%, it is
apparent that the formation of silica on the surface impedes the kinetics. The activation
energy for magnesium extraction was estimated to be about 12 kcal/mol.[51] In another
study of roasted serpentine, the extraction of magnesium from the treated ore was
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reported to be pseudo-first order up to a conversion of 20-30%.[52,53]

Most other

publications come from geochemistry where the pH range is nearer to neutral (2-11) and
the associated kinetics are too slow to be of comparative interest.[54]
All previous studies have demonstrated that a silica diffusion barrier can form on
the surface of serpentine particles as dissolution occurs and can effectively slow or even
stop the digestion kinetics of serpentine in acid. However, recent research has shown that
this barrier can be removed, as seen in the SEM micrographs in Figure 2-3.[45] The
micrograph labeled (a) shows the surface of a partially acid-digested serpentine particle.
The high silica content is evident in the amount of charging (white zones).

The

micrograph labeled (b) shows a serpentine particle after surface refreshment by
fluidization with glass beads in an aqueous medium. The micrograph (c) shows the
broken-off silica.
Park et al. have reported increased serpentine dissolution kinetics through the use
of a low-energy attrition-type grinding during the reaction step.[45] The grinding is done
by fluidizing silica beads with the reaction slurry of acid and mineral particles. The
apparent advantage is rapid refreshment of the surface (Figure 2-3) at energy levels that
are expected to be consistent with a fluidized-bed reactor or a rapidly agitated
continuously stirred tank reactor.[45]
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Figure 2-3: (a) Partially Reacted Serpentine, (b) Refreshed Surface, (c) Broken Off
Silica[45]
As seen in Figure 2-4, concurrent fluidization with glass beads nearly doubles the
apparent kinetics of serpentine dissolution. However, the acid system used in the study
was complex, consisting of 1 vol% orthophosphoric acid, 0.9 wt% oxalic acid, and 0.1
wt% ethylenediaminetetraacetic acid. Because of the expense of these acids, they must
be recovered, regenerated, and reused for a commercially practical process.

This

operational necessity leads to complexity and greater energy consumption in reagent
recovery and regeneration, if it is even possible. Thus, the system proposed by Park
would not lend itself well to any process that does not perform dissolution and
carbonation in the same step. However, it is important to separate dissolution and
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carbonation for the economic benefit of pure products and selective rate enhancement in
all reaction steps. Furthermore, Park did not perform a kinetic analysis or determine a
rate law for the process, which is necessary for large-scale equipment design.[63,64]

Figure 2-4: Dissolution Experiments Performed by Park et. al. with and without
Grinding[45]
Though Park’s work opened doors to higher rates and extraction yields, the data
are relatively low in resolution and does not contain enough information to extract kinetic
data. As a result, the study does not provide a basis for kinetic comparison. However,
there is one recent study from the Helsinki University of Technology that does.
As part of his dissertation work, Sebastian Teir and colleagues conducted
serpentine dissolution experiments on waste ore from the Hitura nickel mine of
Outokumpu Mining Oy, central Finland.[56]

In his study, he conducted dissolution
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experiments with several strong, concentrated acids.

He found that sulfuric acid

extracted the most magnesium from serpentine in the shortest time and that the extraction
yield did not increase past two molar concentration for sulfuric acid.[56]

Thus, he

conducted his kinetic analysis using strong acids at two molar strengths. The extraction
yields in this study were much higher than previous work[61,62] in the range of fifty to one
hundred percent extraction in two hours depending on temperature. However, the X-ray
diffraction pattern for the starting material shows that chrysotile (an asbestoform) makes
up a significant portion of the material, whereas the serpentine in previous studies did not
(previous studies obtained serpentine from the Cedar Hill Quarry in Lancaster County,
Pa. It is known separately from published data that this type of serpentine does not
contain any significant measurable quantity of chrysotile). It is reasonable to assume that
the difference in the structure of starting material is responsible for some of the kinetic
differences.
Though the starting materials may be different, the kinetic analysis still provides a
point of comparison. It was found that kinetics were dominated by gel layer diffusion as
seen in Figure 2-6 and that the activation energy for the dissolution of serpentine in
sulfuric acid was found to be 68.1±7.3 kJ mol–1 as can be calculated from Figure 2-5.[56]
The reported activation energy is higher than the previously reported literature (35.6 kJ
mol–1 to 52.3 kJ mol–1)[51,52] and is reasonable as the previous work was done with heat
treated serpentine which would raise the reactivity and lower the activation energy.
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Figure 2-5: Kinetic Plot of the Dissolution of Serpentine in 2M Sulfuric Acid with the
Gel layer Diffusion Limited Equation (1-3(1-X)2/3+2(1-X)), X is chemical conversion[56]

Figure 2-6: Arrhenius Plot for the Dissolution of Serpentine in Various Acids at 2M
Concentration[56]
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Though Teir may be able to describe the kinetics in his study, his methodology
does not apply to all situations. The accepted kinetic equation for gel layer diffusion for
spherical particles used by Teir (Eq. 2.1) is unsatisfying when it comes to explaining
various changes in behavior because there is only one independent parameter (k, the
thermal rate constant) that must capture all phenomena that could change Xi, the
chemical conversion of species i in a given time, t.

kt = 1 − 3(1 − X i )2/3 + 2(1 − X i )

2.1

It is not reasonable to think that a change in reagent concentration will affect
either the frequency factor or the activation energy for a reaction. Further, a single
parameter that is, at its heart, related only to temperature, cannot adequately describe or
capture changes in conversion related to particle size or simultaneous grinding. What’s
more, there is evidence that a distinct change in mechanism occurs in the early stages of
dissolution. Figure 2-4 shows evidence of the change in mechanism. These profiles
show a rapid initial dissolution under 20 minutes and essentially no further dissolution
afterwards. This behavior cannot be captured effectively with Eq. 2.1. As shown in
Figure 2-5, the data must be linear and converge at zero at time zero. This is impossible
when the data show essentially no change in a non-zero conversion with time. Clearly,
gel layer diffusion control plays a large role in the kinetics, but it cannot by itself explain
all of the behavior.

Chapter 3
Initial Investigation of Batch Reactions

Introduction
The goal of this study was to investigate the basic properties and parameters that
would be important in the determination of the kinetics of digestion of serpentine. The
investigation was done with a thermally controlled batch reactor because previous
studies[45,48,61] had been successful in this kind of system and because it is the simplest
kind of reaction system to construct. Further, the study afforded the opportunity to
compare this research with previous research in a head-to-head way and to assess the
viability of using acids to extract magnesium from serpentine.

Theory
For the acid dissolution of magnesium from serpentine, two protons must adsorb
onto two hydroxide groups neighboring the same magnesium ion. Thus, the surface
reactive groups are protonated hydroxides and the reaction order is two. If a model that
accounts for two proton adsorption for each site with each site state having a different
equilibrium constant (dual site/2pk) is assumed with irreversible kinetics, the surface
reaction rate in terms of proton consumption can be expressed as in Eq 3.1.
− rH' + = KT ⎡⎣ SO − H 2+ ⎤⎦

2

3.1
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The dual site/2pk model gives the surface distribution of sites as follows:
[ SO − H ][ H s+ ]
⎡⎣ SO − H 2+ ⎤⎦ U ⎡⎣ H S+ ⎤⎦ + [ SO − H ]
K1 =
[ SO − H 2+ ]

[ SO − H ] U ⎡⎣ H S+ ⎤⎦ + ⎡⎣ SO − ⎤⎦

[ SO − ][ H s+ ]
K2 =
[ SO − H ]

Ns ' = ⎡⎣ SO − H 2+ ⎤⎦ + [ SO − H ] + ⎡⎣ SO − ⎤⎦

3.2
3.3

3.4

Here, [SO-X] represents the surface-area-normalized, molar concentration of
surface oxide sites, Ns’ is the total surface site concentration, and the subscript “s”
denotes that the concentration is at the surface. The assumptions in this model are that
adsorption and desorption steps are fast and that the reaction occurs irreversibly. These
assumptions are reasonable, given that proton adsorption/desorption on oxide surfaces is
known to be much faster than the surface reaction,[54] that the high acid concentration
strongly favors the forward reaction, and that there is evidence that the silica layers relax
and re-bond to themselves to form an amorphous layer that would largely prevent the
reverse reaction.[65]
Using Eq. 3.2 to Eq. 3.4, it is possible to solve for the surface concentration of
positive and negative surface sites (Eq. 3.5 and Eq. 3.6), which can be used to express the
surface reaction rate (Eq. 3.7).
⎡⎣ SO − H 2+ ⎤⎦ =

⎡⎣ SO − ⎤⎦ =

−rH' +

Ns ' ⎡⎣ H s+ ⎤⎦

2

2

⎡⎣ H s+ ⎤⎦ + K1 ⎡⎣ H s+ ⎤⎦ + K1 K 2
K1 K 2 Ns '
2

⎡⎣ H s+ ⎤⎦ + K1 ⎡⎣ H s+ ⎤⎦ + K1 K 2

2
⎛
⎞
Ns ' ⎡⎣ H s+ ⎤⎦
⎜
⎟
= KT
⎜ ⎡H + ⎤2 + K ⎡H + ⎤ + K K ⎟
s ⎦
1⎣
1 2 ⎠
⎝⎣ s ⎦

3.5

3.6

2

3.7
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The surface charge density, σ, can be computed from the difference in positive and
negative sites, the charge on an electron, e, and Avogadro’s number, Na.

(

σ = Nae ⎡⎣ SO − H 2+ ⎤⎦ − ⎡⎣ SO − ⎤⎦
⎛

σ = Nae ⎜

Ns '

⎜ ⎡H + ⎤2 + K ⎡H + ⎤ + K K
s ⎦
1⎣
1 2
⎝⎣ s ⎦

(

)

⎞
2
⎡⎣ H s+ ⎤⎦ − K1 K 2 ⎟
⎟
⎠

)

3.8

If a constant capacitance model can describe the electrical double layer, the surface
charge can be related to the surface potential via Eq. 3.9, where C is the net capacitance
of the electrical double layer and ψ is the surface potential.

σ = Cψ

3.9

The proton concentration outside of the electrical double layer, HD, can then be related to
the proton concentration at the surface, Hs.
⎛ Fψ ⎞
+
+
⎣⎡ H D ⎦⎤ = ⎣⎡ H s ⎦⎤ exp ⎜ RT ⎟
⎝
⎠
⎛
⎛
2
FNae ⎜
Ns '
⎜
⎡⎣ H ⎤⎦ = ⎡⎣ H ⎤⎦ exp
⎡⎣ H s+ ⎤⎦ − K1 K 2
2
⎜ RTC ⎜ ⎡ H + ⎤ + K ⎡ H + ⎤ + K K
1⎣
1 2
s ⎦
⎝⎣ s ⎦
⎝
+
D

+
s

(

)

⎞⎞
⎟⎟
⎟⎟
⎠⎠

3.10

Eq. 3.10 is not explicitly solvable for Hs, and must be solved numerically. However,
both the proton consumption rate and the concentration outside of the electrical double
layer can be found.
The shrinking core model with an unreactive gel layer can now be applied (the
reader is referred to Fogler’s book for a detailed discussion[63]). It can be shown that the
proton concentration at any position within the gel layer, Hr, can be expressed in terms of
the bulk proton concentration, HB, the internal core radius, R, the surface reaction rate,
the effective diffusivity, De, and the outer core radius, Ro for spherical particles. It is
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assumed that the radius of the core changes slowly enough that the equilibrium diffusion
profile can adequately describe the concentration profile within the gel layer at all times.
⎡⎣ H ⎤⎦ = ⎡⎣ H ⎤⎦ +
+
r

+
B

R 2 rH' +

De
R ≤ r ≤ Ro

R

⎛ 1 1⎞
− ⎟
⎜
⎝ Ro r ⎠

3.11

Evaluating Eq. 3.11 at r=R and assuming that the double layer is of negligible
thickness in comparison to R, one can solve for R.

(

)

+
+
R0
R02 R0 ⎡⎣ H B ⎤⎦ − ⎡⎣ H D ⎤⎦ De
R=
±
−
2
4
rH' +

3.12

R

Because both the proton consumption rate and the concentration outside of the
double layer are functions of the proton concentration at the surface, Eq. 3.12 allows one
to associate the surface-area-specific rate with the internal core radius as a function of the
outer particle radius (core plus the gel layer), the bulk acid concentration, and the
effective diffusivity of the gel layer surrounding the un-reacted core. This can be done
numerically.

A vector containing a range of [Hs] values is used to calculate the

associated vectors for [HD] and the surface specific rate, –r’H+, which in turn are used to
calculate the two vectors for R. From Eqs. 3.7, 3.10, and 3.12 it is apparent that [Hs] is
symmetric about Ro/2. Since this is true, it follows that both [HD] and the surface
specific rate are symmetric about Ro/2 as well.
Further, a mass balance about the core allows one to calculate the time it takes to
reach an internal core radius of R starting from Ro. For the system of interest, the mass
balance equation simplifies to Eq. 3.13.

−2 ρ sϕ m
dR
'
Ro rH +
R

t=

∫

R

3.13
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Here, ρs is the molar density of serpentine and φm is the volume fraction of magnesium
oxide in serpentine. The vector t can be calculated by numerically integrating Eq. 3.13
with the assembled vectors discussed in the previous paragraph.
The vectors can be recalculated for a range of Ro’s and assembled in a matrix and
then the whole calculation can be repeated for various bulk acid concentrations. The
conversion for each particle as a function of time can be calculated from the internal core
size and the initial particle size. With knowledge about the particle size distribution, the
overall conversion as a function of reaction time can be calculated. Figure 3-1 shows a
logic flow diagram for the algorithm used in the model.

Figure 3-1: Logic Flow Diagram for the Model
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The above theory is depicted schematically in Figure 3-2 for a 200 μm particle
undergoing digestion whose core radius is 50 μm for a single instant in time. The key set
shows the addition of a constant capacitance model and the surface site distribution
model to the gel layer diffusion model. Though the values are arbitrary, the profile is of
the correct form. It should also be noted that the gel layer thickness is on the order of
several to hundreds of micrometers and that the double layer thickness is on the order of a
few nanometers.

Figure 3-2: Pictorial Representation of Theory
It is also recognized that the surfaces of the gel layer have sites that exhibit pH
dependant charging. However, it is assumed that the porosity within the gel is large
enough that the charge effect has little to no effect on the diffusion characteristics of the
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layer. Further, these sites were ignored in the model because it was assumed that they do
no contribute to the reaction pathway or change bulk properties appreciably.

Experimental Apparatus

A specialized batch reaction system was constructed and is shown in Figure 3-3.
The system contains a reactor (1) that was milled from aluminum. The aluminum reactor
body consists of a tube with a three-inch (75 mm) bore that flares to four-inch (100 mm)
bore and top and bottom flanges. See Appendix A for detailed drawings. The inside of
the reactor is coated with a high-density, highly-cross-linked epoxy composite that
provides extreme corrosion and abrasion resistance. The top of the reactor is capped by a
poly(tetrafluoroethylene) (PTFE) flange (2) that is fitted with a thermocouple inlet (3),
two through ports (4), and a charging port (5). The lower section has four flat faces
milled in it to which four heat exchangers (6) and four thermoelectric modules (7) are
attached. The bottom flange is capped by two PTFE flange attachments: a dispersion
plate (8) with a sampling port on the side (9), and an inlet plate (10). The dispersion plate
consists of a circular array of 1 mm through-holes that provide fluid dispersion, or
retention of grinding media, depending on the flow direction. The sampling port is
embedded in the dispersion plate and allows direct access to the reactor contents through
a septum. The bottom plate is a solid flange cap with an inlet tapped into the center. The
reactor (11) is mounted in a 16-speed drill press (14). The drill press is used to provide
agitation to the reactor bed via a tree-type agitator (12). The temperature is monitored by
a thermocouple (13) and logged on a computer (not shown). Heat is added and removed
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by a temperature controller (not shown) and the thermoelectric modules (7) to achieve a
temperature variance within 0.1oC of the set point. The thermoelectric modules are
capable of moving a maximum of 480W of heat into or out of the fluid supplied by a
circulated thermal bath (17). The temperature is kept uniform and the slurry well mixed
by the agitation and a variable speed circulation pump (15), which is controlled by a
motor controller (16). The pump is capable of circulating fluid from the bottom to the top
of the reactor or vice versa. Insulation (18) can be added to the reactor to improve
temperature stability.

Figure 3-3: Batch Reactor and Supporting System

Materials

Serpentine was obtained from D.M. Stoltzfus & Son, Inc from their Cedar Hill
quarry, Lancaster, Pa, in the form of rock dust (–1/4” crushed stone). When received, it
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was dried at 250oF in a Despatch drying oven (model PWB2-63-1E). It was size
fractionated by dry sieving on a W.S Tyler, Inc. Ro-tap (model RX-29) using standard
sieves and techniques. The oversize was ground in a Holmes Bros., Inc. impact mill
(model 501XS-S) and re-sieved until desired size fractions amounts were obtained. Two
size fractions were used, –90μm and –38μm.

The particle size distributions were

obtained on a Malvern Instruments Series 2600c and are shown in Figure 3-7.
A Leeman Labs PS3000UV inductively coupled plasma (ICP) instrument, run by
Henry Gong, Senior Analytical Chemist at the Materials Characterization Laboratory,
Penn State University, was used to measure the elemental composition of the serpentine
via the lithium meta-borate fusion technique.[66-69] Several different size fractions were
measured and all were within instrument error (~3% relative) from each other. The
average composition was 1.17% Al2O3, 0.42% CaO, 7.53% Fe2O3, 0.06% K2O, 39.30%
MgO, 0.11% MnO, 37.58% SiO2, 0.02% TiO2. The balance was assumed to be water.
The molar ratio of magnesium to silicon was 1.56. This is very close to the idealized
serpentine formula (Mg3Si2O5(OH)4), in which the magnesium-to-silicon ratio is 1.5.
The serpentine was also subjected to X-ray diffraction (XRD) on a Scintag X2 ThetaTheta Powder Diffractometer with Cu K-alpha 1 and 2 radiation and it was confirmed
that the major form of the mineral is serpentine (antigorite and lizardite, two polymorphs
of planar serpentine structure) with minor phases of magnetite, magnesite, dolomite, and
vermiculite.
All acids used in the experiments were A.C.S. Reagent grade or better. The final
acid solutions were prepared by volumetric dilution from concentrates.
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Electron microscopy was performed with a Philips FEI Quanta 200
Environmental Scanning Electron Microscope equipped with an energy dispersive
spectrometer.

Figure 3-4: XRD Pattern for Serpentine

Experimental Procedure

For each experiment, the reactor system was cleaned, dried, and assembled as in
Figure 3-3 but with the insulation (18) wrapped around the reactor body (11).
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Borosilicate glass beads of known diameter and amount as well as the acid were charged
through the charging port (similar, but off center to 5). The agitation system was set to a
known speed and activated. The circulation pump (15) and thermal control system were
activated and set to known values.

The reactor was allowed to reach a stable

temperature. A known mass of serpentine of a known crystal structure, particle size and
chemical composition was loaded into a drop tube which was used to charge it to the
reactor for rapid injection. At a known time (demarcating t=0), the serpentine was
released from the drop tube into the reactor through the charging port. At known time
intervals, samples were withdrawn from the reactor and filtered as quickly as possible to
quench the reaction.
Upon completion, the reactor contents were pumped out of the reactor to a
disposal container. The reactor was washed several times with water. Any wash water
below a pH of four was sent to disposal and the rest was disposed in the laboratory drain
as per university policy. The system was then broken down and thoroughly cleaned and
set aside to dry in preparation for the next experiment.
The samples were then diluted by mass and submitted for ICP analysis. The mass
dilutions provided very accurate record of the dilution factors used to re-calculate the
original concentration. Volumetric dilution was not used because of significant density
differences. By volume, a typical sample was diluted approximately 1000x. However,
by mass the same dilution ranged from 850x to 920x depending on the sample. The ICP
results are reported in PPM by mass, thus the mass dilution factor is more sensible as
well.
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Results and Discussion

To assess the potential for serpentine digestion, a series of batch extractions was
performed. Table 3-1 lists the experimental conditions and Figure 3-5 shows the results.
Experiment 70109 was the base comparison case. Experiment 70130 provides a direct
comparison to the work of Park et al. With all other conditions unchanged, 1 M sulfuric
acid showed an extent of reaction greater by a factor of three compared to the acid
solvent system of Park et al. Experiment 70213 demonstrated that 1 M sulfuric acid
without added grinding media was more effective than the organic acid system. Solution
modeling revealed that the magnesium concentration in the organic acid system solution
was limited by the presence of the oxalate ion, and that magnesium oxalate would
precipitate. This is consistent with the nearly flat concentration profile in the later part of
70130.

The separation of serpentine from solid magnesium oxalate would be

troublesome and suggests that using a single strong acid is likely to be preferred for
industrial applications.
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Table 3-1: Summary of Experimental Conditions

The comparison of 70213 with 70109 illustrates the importance of chemical
attack with concurrent grinding, as almost twice as much magnesium was extracted in the
same amount of time when grinding media were present.

Experiment 70219 was

performed to illustrate the effect of agitation on the grinding. Surprisingly, putting more
energy into the system resulted in a slight drop in performance. It is thought that this
drop may be due to excessive fluidization of the grinding media, which results in fewer
collisions and thus less efficient grinding. However, this must be confirmed. Experiment
70301 was performed to try to test the limits of the system.
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Figure 3-5: Extraction of Magnesium from Serpentine as a Function of Reaction Time
Experiment 70227 was performed because it had been suggested that the presence
of iron would slow the digestion.[62] Therefore, serpentine powder was magnetically
separated before reaction. Contrary to the suggestion, the presence of iron in 70219
appears to improve the extraction of magnesium. To further explore this issue, serpentine
was mounted in epoxy and cross-sectioned by grinding and polishing.

The cross-

sectioned samples were imaged in backscattered electron (BSE) mode in an
environmental scanning electron microscope (ESEM), exposed to acid, and re-imaged.
Using the beam spot technique with energy dispersive spectroscopy, the lighter
regions in Figure 3-6 were confirmed to be very high in iron content, whereas the darker
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regions had no detectible amount of iron but matched the chemical composition for
serpentine. The near-black regions are the epoxy matrix. Magnetic separation and XRD
confirmed that the iron inclusions are magnetite.

Figure 3-6: BSE ESEM Micrographs of Cross-Sectioned Serpentine Before (Left) and
After (Right) Exposure to Sulfuric Acid
The images in Figure 3-6 reveal additional information. First, it is apparent that
serpentine is inhomogeneous with regard to iron distribution, and that the majority of the
iron content does not exist as substitutions in a crystal lattice, but rather exists as
inclusions within the serpentine. Secondly, dissolution preferentially occurs at defects,
grain boundaries, and at the edge surface, which is consistent with previous
observation.[54] These features create high-surface-energy sites that are easy for acid to
etch.[54] Third, it was observed that the iron-rich inclusions tend to disorient the structure,
create defects, and increase the number of grains within the serpentine particles. The iron
is incased in the structure and rarely exists without some serpentine bonded to it. Lastly,
it should be noted that the iron particles remain largely untouched by the acid. As such,

46
the presence of iron in the serpentine could serve to increase the digestion rate because it
increases the defect site density. It is apparent that the magnetite, though not necessary
for the dissolution to occur, is beneficial. As such, sources of serpentine with high iron
inclusions should be considered more valued.
Also of interest is the general shape of the digestion curves in Figure 3-5. All of
the experiments with 1M sulfuric acid at 50oC exhibit nearly identical initial behavior.
Most specifically, the initial slopes are essentially identical. The major difference is the
change in the behavior after about two minutes. Part of this behavior can be understood
by examining the particle size distribution of the reacting particles.
Figure 3-7 shows the particle size distributions (PSD) used in the investigation.
With the exception of 070301, the –90μm fraction was used. The PSD width and
position correlates well with the shape of the dissolution curve in Figure 3-6.

All

extractions, with the exception of 070301, had a strong hip at about 2 to 4 minutes. The
hip indicates that there are two reaction pathways, a fast one which initially dominates,
and a slower one. The explanation for the two pathways is most likely due to the rapid,
near 100% consumption of the particles below 50 μm, while the large particle fraction
remains. However, the dramatic shift in slope before and after the hip also suggests a
change in the dominant reaction limitation step, from being surface-kinetics limited to
gel-diffusion limited. The change in reaction conditions with time is noted even in the
presence of grinding. This suggests that the improvement in extraction with concurrent
grinding is not due to complete surface refreshment, but rather due to changes in the gel
layer that allow for faster diffusion.
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The model developed in the theory section confirms these suggestions. However,
the PSD in Figure 3-7 could not successfully be used in the model to generate the batch
reaction profiles. Figure 3-8 shows the model results using the measured PSD. The
thermal rate constant for the fit was KT=2x106 m2mol-1s-1, and the effective diffusivity
was 1x10-14 m2s-1. The effective diffusivity is unrealistically low. It is so low that no
change in rate constant can affect the conversion profile. This would mean that the
system behaves under diffusion-limited conditions under the entire reaction profile. It is
impossible to capture the “hump” exhibited in the data. Further, the smallest particles
measured in the distribution (D = 6 μm) are strongly diffusion-controlled and would take
15 hrs to react to completion. This is clearly unreasonable.
The failure of the model to reproduce the data using the experimentally measured
PSD in a reasonable fashion is likely due to particle-shape effects and method
assumptions. Laser diffractometry was used to collect the PSD data. It is assumed that
the particles are spherical in the algorithm that is used to calculate the volume
distribution. However, the serpentine particles are highly non-spherical. SEM images
show the characteristics of the particles to be more fiber-like, especially the smaller
particles. Some particles had an aspect ratio between 16 and 30 to 1. Because of this, the
experimentally measured PSD is not truly representative of the sample. Further, the
model also assumes spherical particles. Though it would not be difficult to incorporate a
cylindrical or mixed spherical and cylindrical diffusion mode into the model, it is difficult
to characterize such a highly irregular mix of particles in a simple, yet representative
fashion.
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An alternative approach was to fit the data with a hypothetical spherical
distribution that captures the particle behavior of the real, irregular mixture. It was found
that a semi-empirical approach can yield a fit to the data with realistic parameters.

Figure 3-7: Serpentine Particle Size Distribution.
Figure 3-9 shows the model fit to the data with the semi-empirical PSD. The only
parameter changing in the three data sets is the grinding conditions. As can be seen, the
fit to the data using the semi-empirical PSD is quite good. The initial data misfit in the
first five minutes may be attributed to thermal instability caused by localized heat release
from the exothermic reaction which could cause significant temperature rise within the
local region of a serpentine particle at the start of the rapid initial dissolution. The PSD
used in the fit can be seen in Figure 3-10.
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The PSD was generated using the Rosin-Rammler function (kd1 = 3x10–6 m, m1 =
8, kd2 =1 70x10–6 m, and m2 = 7) with the volume fraction of the undersized as a
weighting factor. The distribution is bimodal and is representative of a standard milled
and sieved fraction with a small fraction of undersized particles (6.25% by volume).

Figure 3-8: Conversion as a Function of Time for Experiment 70213 and the Model Fit
Using the Experimental PSD.
The results from the model show that a change in reaction mechanism is in large
part responsible for the “hump” in the experimental data. Reaction limitations can be
seen in a dimensionless plot of un-reacted core size verses time. The core size, R, is
normalized by the initial core size, Ro, and the time is normalized by the minimum time
to reach R = 0, τ. The transition is illustrated for the fit to 70119 at constant, 1 M acid
concentration in Figure 3-11. For a spherical particle undergoing incongruent reaction, a
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linear profile indicates surface kinetic control and a sigmoid-like profile indicates gel
layer diffusion. From Figure 3-11, it is clear that there is a distinct change in controlling
mechanism, not only with time, but with particle size as well. Particles under eleven
micrometers in size experience surface kinetic control throughout the complete progress
of their dissolution. However, particles between eleven and forty eight micrometers
experience a mixture of kinetic and diffusion control, and particles above forty eight
micrometers experience near complete diffusion control.

Figure 3-9: Batch Data and Model Fits for the Dissolution of Serpentine in 1M Sulfuric
Acid at 50oC and Various Grinding Conditions
In fitting the data, there are four important factors: the thermal rate constant, the
effective diffusivity, the position of each of the bimodal peaks in the PSD, and the
relative fraction of each of the bimodal peaks. If the data in Figure 3-9 are split into two
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linear fractions both before and after the “hump”, the slope on the inbound side is
determined by the rate constant and the position of the small fraction in the PSD.
Similarly, the slope on the outbound side is determined by the diffusion constant and the
position of the large fraction.

Figure 3-10: Experimentally Measured PSD and the Hypothetical, Spherical PSD Used
in the Model to Fit Experimental Batch Data
One can achieve a near-identical fit to the data by lowering the rate constant and lowering
the position of the undersized fraction in the PSD. The same is true for the diffusion
constant and the large fraction. The height of the “hump” is determined by the relative
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fraction of each bimodal peak. Increasing the undersized fraction will raise the “hump”.
It is for this reason that the fit for all the data in Figure 3-9 could be achieved by
changing the effective diffusivity alone even though it is more likely that the grinding
results in both a more porous/fractured gel layer as well as a shift in the large fraction
towards the smaller end.
The thermal rate constant was 1.2x107 m2mol-1s-1 for all experiments at 50oC and
the effective diffusivity was 4.75x10-12, 3.5x10-12, and 0.78x10-12 m2s-1 for experiments
70109, 70219, and 70213 respectively.

The diffusivities are in the right order of

magnitude (–10 to –12). Typical liquid state diffusivities are on the order of 1x10–9 m2s-1,
and typical solid state diffusivities are usually less than 1x10-20 m2s-1.[70] It is reasonable
for the diffusivities to be a couple orders of magnitude lower given the high tortuosity
and density of the diffusion layer. However, these values may not be representative of the
experimental diffusivity, given the semi-empirical methodology and the fact that the
somewhat arbitrary choice in the position of the large fraction does affect the diffusivity.
Even so, the diffusivity is likely to be close, given that the experimentally measured PSD
had a large peak just under the size of the large fraction, semi-empirical peak. It is likely
that the experimental diffusivity is slightly larger than that in the model.
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Figure 3-11: Dimensionless Core Size vs Dimensionless Time

Comparative Analysis

It has been suggested that the dissolution of serpentine in strong acid can
adequately be described by the standard and accepted models for gel layer diffusion.[56]
While this is true, as can be seen in Figures 3-12 and 3-13, there is no physical
justification for the apparent change in rate constant.

54

Figure 3-12: Spherical Gel layer Diffusion Test
Eq. 3.14 and Eq. 3.15 show the accepted gel layer diffusion equations expressed
in terms of conversion of component A, XA, time, t, molar density of component A in the
solid, ρa, the stoicheometric coefficient for component A in the reaction, a, the effective
diffusivity, De, and the bulk concentration of the fluid reagent, Cb for spherical and
cylindrical diffusion respectively.[64]
6aDeCb

ρ AR

2

t = 1 − 3 (1 − X A )

4aDeCb

ρ AR2

2/3

+ 2 (1 − X A )

t = X A + (1 − X A ) ln ( X A )

3.14

3.15
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Figure 3-13: Cylindrical Gel layer Diffusion Test
If the right hand side of the equation is plotted against time, and this mechanism
can describe the data, the result should be a line with a slope equal to the left hand side of
the equation divided by t and an intercept of zero. From Figures 3-12 and 3-13, it is clear
that gel layer diffusion plays a crucial role in the kinetics. Further, it is clear that either
spherical or cylindrical diffusion can describe a large portion of the data with nearly
identical capability.
The poor correlation for experiment 70130 is likely the result of magnesium
oxalate precipitation. Solution modeling reveals a strong driver for precipitation under
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the conditions for the experiment and is likely the reason for the flattened profile and the
poor fit.
The effective diffusivity calculated from the slope is lower than would be
expected in typical porous diffusion at 9.73 x 10-14 to 3.22 x 10-13 m2s-1 (a=0.5, ρa=9180
mol-m-3, Cb=1000 mol-m-3, and R=70x10-6m).

The free diffusion of ions through

aqueous solution is on the order of 10-9 and the effective diffusivity is related to the free
diffusivity by the tortuosity, porosity, and effective open cross sectional area.[70] For a
very porous system, the effective diffusivity may not be different from the free diffusivity
by even an order of magnitude, and in what is considered dense layers, the diffusion
could be slowed by as much as three orders of magnitude. However, these models
suggest that the diffusion is extremely slow, dropping the free diffusivity by four to five
orders of magnitude. It should be noted that the diffusivity for protons through solids can
be as fast as 10-12 m2s-1 and that typical metals diffuse at rates ranging from 10-20 to 10-35
m2s-1.[70]
However, upon further investigation, several problems arise. First, if diffusion is
the only mechanism involved in the kinetics, one would expect that the intercept of a best
fit line to the data be at zero. This is not the case even though the correlation coefficients
are relatively high. In fact, there is a noticeable bias present in all data sets to produce a
positive intercept that is several orders of magnitude larger than the slope. This trend is
indicative of a separate mechanism which acts primarily at the early stages of reaction
which is significantly faster than diffusion. One such mechanism that could explain this
phenomenon is surface limited reaction.
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Second, assuming that the character of the diffusion layer and material of interest
do not change to any appreciable amount with temperature, it would be expected that the
effective diffusivity would vary linearly with temperature. As mentioned earlier, the
effective diffusivity is related to the free diffusivity by the properties of the diffusion
layer (tortuosity, porosity, and effective free area). If these properties do not change with
temperature to any great extent, then it would be logical for the effective diffusivity to
change in direct proportion with the free diffusivity.

This is reasonable given the

extremely low thermal expansion coefficients for solids involved (circa 3x10–7 K-1 for
silica (linear),[71] 3.4x10-5 for MgO (volumetric),[72] and 3.28x10-5 for lizardite
(volumetric)).
Hydrodynamic theory states that the diffusivity of a molecule A moving through a
stationary medium B is proportional to the mobility of molecule A, μA, multiplied by
temperature, T, and the thermal proportionality constant, k (Boltzmann’s constant). The
mobility is the ratio of the molecules drift velocity and its driving force for net motion.[72]
This theory is known as the Einstein relation and is given in Eq. 3.16.[72]
DAB = kT μ A

3.16

However, one previous study analyzed the dissolution of serpentine in a similar
fashion concluding that the dissolution of serpentine is controlled only by gel layer
diffusion.[56] In the previous study, it was found that Eq. 3.14 fit the data with a high
correlation coefficient, with one difference. The left hand side of Eq. 3.14 was replaced
by kt. That is, the proportionality was the thermal rate constant rather than diffusion
related terms. This is a deviation from standard practice.[64] Regardless, it was found that
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the rate constant does indeed behave according to the Arrhenius equation as can be seen
in Figure 3-14.

Figure 3-14: Arrhenius Plot as Reported by Teir, et. al. for the gel Diffusion Limited
Dissolution of Serpentine in Various Acids[56]
The relationship between diffusion and temperature is in conflict. According to
Teir, the temperature relationship for diffusion is inverse-exponential just like the
Arrhenius equation. However, this is in conflict with the Einstein relation which says
that the diffusion should be linear with temperature. One can only conclude that both
surface reaction and gel layer diffusion play parts in the kinetics at the same time. That
is, diffusion plays a large enough role to generally shape the profiles, but the surface
limited kinetics dominate the temperature response.
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Conclusions

There were three important results from this study. First, simultaneous acid
etching and grinding with a single strong acid significantly increase the overall reaction
rate and yield. To my knowledge, an extraction of such high conversion in such short
time with this type of serpentine without solids modification or pretreatment has not
previously been reported in the literature. Second, the acid etching prefers grain
boundaries and defects, as is expected. This suggests that a focus on comminution
techniques that can impart high amounts of structural defects could be helpful. Third,
and most importantly, grinding is not sufficient to keep surfaces refreshed under the
current conditions. That is, the initial stages of digestion proceed quickly and appear to
be surface-reaction limited, while the later stages appear to be diffusion limited. Using a
modified shrinking core model with a hypothetical spherical PSD, the effect of grinding
appears to change the effective diffusivity of the gel layer surrounding the un-reacted
core.
It has been demonstrated that the combination of physical and chemical methods
can lead to greatly increased kinetics. Further, it has been shown that simple strong acids
can be used to greater effect than mixtures of acid and organic agents.

Even so,

evaluating the kinetics under the conditions of interest is not simple. The model may be
developed further to account more comprehensively for surface speciation, the electrical
double layer, surface reaction, gel layer diffusion, particle size distribution, material
balance, and solution equilibrium. Because of the promising results reported here, further
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development of the model was conducted and more detailed data was collected to
validate and test the model.
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Chapter 4
Extended Batch Study and Model Validation

Introduction

With what was seen in Part 1 of the batch study, it was clear that neither modeling
based solely on surface limited kinetics nor diffusion limited kinetics could capture the
real behavior adequately with real, physical ties to first principles. As a result of the
initial investigation, the development of a computational model was begun. By the end
of the initial investigation, the majority of the model was completed.

That model

accounted for surface speciation and reaction, the electrical double layer, gel layer
diffusion, and particle size distribution via a semi-empirical, bimodal distribution defined
by the Rosin-Rammler distribution. It was found that the change in grinding condition
could be accounted for by simply changing the effective diffusivity. Because of the
initial success of the model, further experiments were carried out to validate and improve
the model and are the focus of the extended batch study described in this chapter.

Model Additions, Changes, and Theory

The first change to the model was made to decrease the computation time. It was
noticed that once the distribution modulus in the Rosin-Rammler distribution reached a
point where the bimodal portions of the distribution were unaffected by each other,
further increases in the modulus made little to no impact on the resulting model generated
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profile. Thus, the computation was simplified by reducing the PSD to a step function,
which is the equivalent to increasing the distribution modulus to infinity. Using a step
function allowed the calculation time to be greatly reduced because the number of
particles that must be accounted for can drop from hundreds to just two. In this way, the
small fraction accounts for the part of the real system which is entirely kinetically
controlled and the large fraction accounts for the part of the real system which begins in
kinetically controlled regime and experiences a transition to diffusion control. Further,
this method reduced calculation time by over 75%. Further still, it reduced the number of
variables related to the PSD from five to three. The coding in the model allows one to
account for the particle size distribution in three ways: measured PSD data input, RosinRammler distribution, and the step function.
The second major change was the incorporation of temperature effects. The data
that were used in the initial development of the model was all taken at fifty centigrade so
there were no temperature effects to account for. However, there are four ways that
temperature can change the kinetics in the model. First, the thermal rate constant for the
surface limited reaction was varied according to the Arrhenius equation,

⎛ −E ⎞
kT = A0 exp ⎜ a ⎟
⎝ RT ⎠

4.1

where A0 is the frequency factor, Ea is the activation energy, R is the gas constant, T is
the absolute temperature, and kT is the thermal rate constant.
Second, the Einstein relation was allowed to dictate the temperature dependence
of the effective diffusivity,
Deff = DeffmultT ∝ DAB = k μ AT

4.2
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where k is Boltzmann’s constant, μA is the mobility of the diffusion species A in the
stagnant fluid B, T is the absolute temperature, DAB is the free diffusivity of A in B,
Deffmult is the diffusion temperature proportionality constant in the model, and Deff is the
effective diffusivity of A in B in porous media. As outlined in the initial investigation, it
is assumed that the properties of the porous layer (tortuosity, porosity, and effective free
area) are invariant to changes in temperature. Thus, it was assumed that the effective
diffusivity was directly proportional to the absolute temperature.
Third, the dielectric constant of water was allowed to change with temperature.
The dielectric constant data were retrieved from a chemical handbook[73] and fitted with a
second order polynomial as shown in Eq. 4.3.

ε w = 7.403050 x10−04 T 2 − 0.3957267T + 87.81600
R 2 = 0.99998

4.3

Here, T is temperature in Celsius and εw is the dielectric constant of water.
Lastly, the temperature dependence of the acid equilibrium was allowed to vary
according to standard thermodynamic models. It was assumed that the specific heat for
the species involved was constant over the temperature range of interest.
ln ( K a ) = ln ( K ao ) −

ΔH ro ⎛ 1 1 ⎞
⎛ ⎛ To ⎞ To
⎞
⎜ − ⎟ + ΔCpo ⎜ ln ⎜ ⎟ − + 1⎟
R ⎝ T To ⎠
⎝ ⎝T ⎠ T
⎠

4.4

Here, Ka is the equilibrium constant, ΔHr is the heat of reaction, R is the gas
constant, T is the absolute temperature, and ΔCp is the difference in specific heat between
products and reagents.

The subscript “o” denotes that the variable is evaluated at

standard conditions. The thermodynamic parameters were retrieved from the databanks
in Aspen Plus.[74] The equilibrium constants were then used to determine the aqueous
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species distribution for the protons in solution as a function of the amount of magnesium
released in solution from the serpentine. It is essentially treated as a titration with a
concentrated base.
The second model change relates to correcting for unequal molar counter
diffusion. In the original development of the model, it was assumed that equimolarcounter-diffusion was true because it simplified the math and calculation.

Strictly

speaking, the total flux for component A, WA, is equal to the sum of the diffusive flux,
JA, and the convective flux, BA (Eq. 4.5). The convective flux of component A can be
expressed in terms of the mole fraction of A, yA, and the sum of all of the component
fluxes, ΣWi (Eq. 4.6). Because any convective flux would be driven by reaction, it is
only necessary to consider the total change due to generation or consumption of species
involved in the reaction. For the system at hand, the aqueous components involved in
reaction are the proton, the magnesium ion, and water. Thus the proton flux can be
expressed as in Eq. 4.7. Because the convective flux in the diffusion layer is driven by
reaction, the magnesium ion and water flux can be expressed in terms of the proton
(Eq. 4.9) by the law of mass action and equation Eq. 4.8. The total flux for the proton
can now be expressed in terms of the diffusive flux and the mole fraction (Eq. 4.10).
Finally, the mole fraction can be expressed in terms of concentration as in Eq. 4.11.
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WA = J A + BA

4.5

WA = J A + y A ∑Wi

4.6

WH + = J H + + yH + (WH + − WMg +2 − WH 2O )

4.7

Mg3Si2O5 ( OH )4( s ) + 6 H (+aq ) → 3Mg(+aq2 ) + 2SiO2( s ) + 5H 2O( l )

4.8

1
5
WH + = J H + + yH + (WH + − WH + − WH + )
2
6
JH+
WH + =
yH + ⎞
⎛
⎜1 +
⎟
3 ⎠
⎝
⎡⎣ H + ⎤⎦
yH + =
⎡⎣ H + ⎤⎦ + [ H 2O ] + ⎡⎣ Mg +2 ⎤⎦

4.9
4.10

4.11

The concentrations in Eq. 4.11 have to be evaluated at the site of the reaction
which is at the inner core. It was assumed that the diffusivity for the ions in solution is
roughly equal. Thus the electro neutrality condition can be approximated by Eq. 4.12.
2 ⎡⎣ Mg B+2 ⎤⎦ + ⎡⎣ H B+ ⎤⎦ ≅ ⎡⎣ H D+ ⎤⎦ + 2 ⎡⎣ Mg D+2 ⎤⎦

4.12

Here, brackets denote volumetric concentration, B denotes bulk concentration, and D
denotes concentration just outside the double layer (see Chapter 3 for details on the
theory). Assuming that the consumption of acid to free other ions is minor in comparison
to that which is used to free magnesium, the bulk magnesium concentration can be
expressed in terms of the initial bulk acid concentration and the instantaneous bulk acid
concentration via the law of mass action. Thus the magnesium concentration just outside
the double layer can be solved for (Eq. 4.13).
⎛ ⎡H + ⎤ − ⎡H + ⎤ ⎞
Bo ⎦ ⎣ B ⎦
⎟ + ⎡H + ⎤ − ⎡H + ⎤
2⎜ ⎣
+
+
+
2
⎜
⎟⎟ ⎣ B ⎦ ⎣ D ⎦ ⎡ H + ⎤ − ⎡ H + ⎤
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⎜
2 ⎡ Mg B ⎤ + ⎡ H B ⎤ − ⎡ H D ⎤
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⎣
⎦
⎣
⎦
⎣
⎦
⎝
⎠
+
2
⎡ Mg D ⎤ ≅
=
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⎣
⎦
2
2
2

4.13
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It was also assumed that the concentration of water remains constant at close to 55 molar.
With these assumptions it was possible to correct for the errors in diffusivity. However,
even at five molar acid concentration the maximum error in diffusivity is only 2.9% and
the inner core only sees that kind of concentration when the core radius is very close to
the outer radius or close to zero. In either case, kinetics are in greater control in those
situations than diffusion and the correction makes little difference.
The fourth model development relates to particle shape. In the Comparative
Analysis section in Chapter 3, it was found that both spherical and cylindrical forms of
the gel diffusion equation (Eq. 3.14 and Eq. 3.15) could adequately describe the data.
Though the mathematical function is different for each, surprisingly, both seemed to
produce comparable results. The only appreciable difference between the two was the
slope and intercept. Thus it would seem that a single model could be used with a shape
factor to adequately describe either case.
To understand the situation, it is helpful to imagine a group of jaw breaker
candies of exactly the same size set on a table. Take one candy and set it apart from the
group. Take the rest of the candies and line them up in a straight line heading away from
ones point of view, each in contact with its nearest neighbors. If one were to view the
line of balls such that the centers form a line that also intersects ones eye, one would not
be able to distinguish the true size of the group of candies from the single one set aside
earlier. However, if one were to view the line of candies such that ones point of view
was perpendicular to the center of the aforementioned line, one would clearly see that it
was a row of candies instead of a single one. Figure 4-1 illustrates the discussion.
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Figure 4-1: Jaw Breaker Analogy Comparing the Orientation and Equal Volume, Partial
Dissolution (Equivalent to 90% of a Single Sphere Volume) for a Single Sphere (purple)
and a Row of Spheres (red) that are used to Approximate a Cylinder
The thought experiment illustrates the problem with characterizing particles with
a single dimensional measurement. This problem is further illustrated in Figure 4-9
(Page 86). The size fractions in the experiment correspond to sieve size openings.
However, the laser diffractometry shows a significant portion of the particles above the
opening size for each fraction. If the particles were spherical, the laser measurements
would coincide with the sieve size fraction very well.

However, because they are

somewhat elongated, larger particles can make it through the sieves if their two minor
axes are smaller than the sieve opening and this results in a significant portion of
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“oversize” in a laser PSD measurement because the laser can detect both major and minor
axes in its measurement (though it cannot distinguish between them).
For the sake of illustration, imagine that we had measured the size of the single
candy and the row of candies but had characterized the dimension from the point of view
that each set appeared to be the same. Now imagine the row of candies were secured to a
very strong, very thin rod that runs through their centers. Each set of candies is now
placed in an equally sized tank of water and allowed to dissolve. It is assumed that the
water can reach every candy equally well and that the tanks are well mixed. The sugar
content of the water is measured as well as the diameter of the candies along the axis that
was characterized earlier. If one were to plot the sugar content of the water vs the
dimension measured, it would readily be apparent that the row of candies did not shrink
as much as the single candy to get to the same sugar concentration.
The situation described above is not unlike what is happening in the model to
describe the conversion. That is, the core size of the particles (assumed to be spheres) in
the model is used to calculate how much magnesium should be present in the solution. In
the previously developed model, there was no way to account for a second dimensional
component. Knowing that spherical gel layer diffusion describes real behavior just as
well as cylindrical gel layer diffusion allows the aforementioned thought experiment to
aptly describe the dissolution of a cylindrical object. Moreover, if the row of candies
were made up of ten candies, it would be logical to think that the same sugar
concentration resulting from the complete dissolution of one single candy would be the
same as if the row of ten candies had each dissolved one tenth of their volume. Thus
each would have a significant portion of their original size. Conversely, if the sugar
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content were somehow made equal at every point in time by controlling the size, it would
appear that the dissolution rate for the single candy was ten times as high as the row.
In the model, this second average dimensional component can be incorporated
into Eq. 3.13 as Eq. 4.14 shows.
R

t=

∫

Ro

−2 ρ sϕ m S f
rH' +

dR

4.14

R

Here Sf is the shape factor that describes the aspect ratio of the particles as if they were a
row of spheres and the radial component, R, describes the minor diameter.

Experimental Apparatus

The apparatus used in the initial investigation was modified slightly. The drill
press head was replaced with a high torque NEMA 34 stepper motor and computer
controlled motor controller from Exonic Systems (model numbers HT34-490 and
STAC6-S respectively). The motor was mounted to an aluminum plate and positioned so
that the shaft is vertical. The aluminum motor mount plate had a lever arm such that a
load cell could be attached. The motor mount plate was attached to the outside collar of a
bearing assembly such that the shaft was concentric with the bearing. The inside bearing
collar was hollow so that the shaft could protrude all the way through and was mounted
to a base plate assembly. In this way the motor housing was allowed to rotate about the
same axis as the motor shaft and could each rotate independently. However, the motion
of the motor housing was prevented by attaching the motor mount plate via the lever arm
to a load cell (Omega, LCCA-25) which was attached to the base plate. In so doing, the
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agitator was transformed into a dynamometer that can measure the reaction torque and
rotational speed of the shaft and thus calculate the direct mechanical power put into the
reaction system. The motor was controlled and the load cell measured and data logged
through National Instruments CDAQ series equipment and Labview. Figure 4-2 shows
two views of the torque sensitive mixing head assembly.

Figure 4-2: Torque Sensitive Mixing Head
Secondly, the sampling method was modified. In the previous study, samples
were drawn at recorded time intervals via a syringe and immediately filtered through a
syringe filter. The sample preparation and change time was too long relative to the ideal
sample resolution time and a different method of sample extraction and preparation was
needed. Higher resolution was needed to confirm the presence of the transition between
kinetic limiting and diffusion limiting conditions during the first few minutes of an
experiment.
Instead, a slip stream was taken off of the recirculation loop, put through a Cole
Parmer Masterflex L/S peristaltic pump (Model: 7532-60), which was connected to a five
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valve polycarbonate manifold and finally back to the recirculation loop. The manifold
outlets were connected to syringe filters and were suspended above sample tubes.
Figure 4-3 shows a detailed view of the sampling system.

Figure 4-3: Sampling System
The pump was controlled by the same Labview program that controlled the new
mixing head. The program was set up such that a single command would mark the
beginning of the experiment and would then record the start time, duration, and validity
of the sample. When the command to start sampling was given, the program would slow
the sample pump from roughly 175ml/min to 34ml/min.

At that point, the valve

corresponding to the correct sample could be switched which would direct the flow
through the filter and into the sample tube. When enough sample was taken the valve
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could be reversed and the command given that indicates that the sample is completed
which marks the end of the sample duration. The program commands the pump to return
to the higher circulation value. The program then asks for confirmation that the sample
taken was good quality (solid/liquid separation is complete, no contamination, and no
filter failure). If the sample was determined to be good, the program would wait until the
next programmed interval in which it would give a flashing red light to indicate that it
was time to sample again. If the sample was determined to be poor quality (incomplete
separation, contamination, or filter failure), the program would indicate for immediate resampling. With this new system in place, sampling and reset time was reduced from one
or two minutes to six to twenty seconds depending on the filtration speed.

The

programmed time intervals allowed for manifold/filter set switch out when necessary.
Figure 4-4 shows the entire system assembly with major components labeled as it is
assembled for an experimental run (without insulation on the reactor).
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Figure 4-4: Reaction System Assembly

Materials

In order to produce enough material to use for several tests both batch and flow, a
large quantity of serpentine (approximately 1,200 lbs) of serpentine rock dust was
collected from the Cedar Hill quarry in Lancaster County, PA. The serpentine was then
milled in a Hosokawa Micron Powder Systems Mikro-ACM-Pulverizer air swept mill
(model: 10 ACM) in conjunction with a Dust-Hog bag filter (model: FJL4-5-H55) and
wet sieved into four size fractions with a Derrick inclined vibrating sieve (model: k1860A-1DDTE). The size fractionation points were set at 38, 73, and 140 μm. Of the
original twelve hundred pounds of serpentine, 17 lbs were recovered in the –38μm
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fraction, 131 lbs were recovered in the 38–73μm fraction, and 84 lbs were recovered in
the 73–140μm fraction. The oversized fraction (+140μm) filled a 55 gallon drum about
3/4ths full and was dried and saved for future use.

There was a great deal more

undersized fraction than was recovered. However, the undersize came out with the
majority of the water and there was not enough liquid holding capacity to capture all of
the fines. Water was decanted and the solids dried in a Despatch drying oven (model
PWB2-63-1E) for several days with periodic mixing at 250oF. Each fraction was then
homogenized in a clean, small, rotary cement mixer and stored in five gallon buckets for
later use.
A Perkin-Elmer Optima 5300 inductively coupled plasma (ICP) instrument, run
by Henry Gong, Senior Analytical Chemist at the Materials Characterization Laboratory,
Penn State University, was used to measure the elemental composition of the serpentine
via the lithium meta-borate fusion technique.[66,69] Table 4-1 shows the results for each
size fraction used in the extended batch study.
Table 4-1: ICP Solids Report for Sieved Serpentine Samples
Sieve Size –38μm 38–73μm 73–140μm
0.58
0.54
Al2O3 (%) 0.48
BaO (%)
0.07
0.03
0.02
CaO (%)
0.9
0.87
0.76
Fe2O3 (%) 6.85
9.92
8.20
MgO (%)
34.8
33.0
34.7
MnO (%)
0.12
0.12
0.1
SiO2 (%)
36.7
35.1
37.5
The balance was assumed to be water. The molar ratio of magnesium to silicon
was 1.40 on average. This is very close to the idealized serpentine formula
(Mg3Si2O5(OH)4), in which the magnesium-to-silicon ratio is 1.5. However, the average
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magnesium oxide content dropped by 3.40% from the previous study. This is likely due
to the wet sieving used in this set of experiments rather than the dry sieving used in the
initial investigation. It is also consistent with the fact that all other components remained
approximately the same, leaving an increase in water content.
The serpentine was also subjected to X-ray diffraction (XRD) on a Scintag X2
Theta-Theta Powder Diffractometer with Cu K-alpha 1 and 2 radiation and it was
confirmed that the major form of the mineral is serpentine (antigorite and lizardite, two
polymorphs of planar serpentine structure) with minor phases of magnetite, magnesite,
dolomite, and vermiculite.
All acids used in the experiments were A.C.S. Reagent grade or better. For
experiments conducted at one molar concentration, 18 L of acid was prepared by mass
and then titrated to confirm the molarity. This procedure allowed for consistency in
experiments and time savings. For experiments conducted at different concentrations, the
acid was prepared by standard volumetric dilution techniques.

Experimental Procedure

For each experiment, the reactor system was cleaned, dried, and assembled as in
Figure 4-4. Borosilicate glass beads of known diameter and amount as well as the acid
were charged to the reactor. The agitation system was set to a known speed and activated.
The circulation pump and thermal control system were activated and set to known values.
The reactor was allowed to reach a stable temperature. A known mass of serpentine was
loaded into a drop tube which was used to charge it to the reactor for rapid injection. At a
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known time (demarcating t=0), the serpentine was released from the drop tube into the
reactor through the charging port. At known time intervals, samples were taken with the
side stream sampling system. For the first two and a half minutes, samples were taken
every thirty seconds (a total of five). From five minutes to fifteen minutes, five samples
were taken every two and a half minutes. From twenty minutes to one hundred ten
minutes, ten samples were taken every ten minutes. The schedule was adhered to as
closely as possible in all experiments.
Upon completion, the reactor contents were pumped out of the reactor to a
disposal container. The reactor was washed several times with water (a minimum of
five). Any wash water below a pH of four was sent to disposal and the rest was disposed
in the laboratory drain as per university policy.
The samples were then diluted and sent off for ICP analysis. A newer ICP
instrument was used which allowed for the simultaneous determination of sulfur as well
as any other metal of interest (Perkin-Elmer Optima 5300).

Knowing the sulfur

concentration via the sulfuric acid concentration used in the experiment allowed for the
calculation of all other species of interest without having to know the dilution factor
based on molar ratios calculated from the mass concentrations as reported by the ICP.
Thus the samples were diluted roughly 1000x by volume without careful mass dilutions.
Depending on the type of analysis desired, it was possible to filter the samples
with either a disposable, polypropylene filter (Pall Life Sciences Acrodisk LC 25mm
syringe filter. PN: 4406T ) or with a filter housing and a polycarbonate membrane filter
(Sterlitech Corp. PN: 540100 and PCT1025100 respectively). The disposable filters
never failed but the solids could not be recovered. The polycarbonate filter/housing
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system was less than reliable, often resulting in filter failure, but did allow for solids
recovery if the filtration was successful. If the filter/housing system was used, the solids
would be washed with de-ionized water and air upon manifold switch out. This helped
preserve the solids and keep them from further reaction. The solids were then dried in an
oven and stored for future analysis. Typically a quarter gram of solids was recovered.
Only a few selected experiments were conducted this way because of the amount of time
it takes to set up and clean as well as the frustration of frequent filter failures.

Results and Discussion

General Remarks

The model’s ability to match and predict experimental data was excellent. It was
able to match experimental data to within ~3% conversion in every case, and most cases
within ~1%. In the cases where the model predictions fell outside of the 95% confidence
interval of the data (±1–1.5% depending on instrument error), the model was helpful in
explaining unaccounted for physical phenomena.

Summary of Experiments

Several sets of experiments were carried out to test and validate the model. A
summary of the experiments is given in Table 4-2. Four experiments were run to assess
the repeatability and evaluate the experimental and read error (80522, 80527, 80701, and
80722).

Three additional experiments were run to evaluate the system temperature
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response (80703, 80707, and 80714). Another three experiments were run to assess the
system response to changing acid concentration (80715, 80716, and 80717).

Two

additional experiments were run to evaluate the effects of changing particle size (80718
and 80721). Four more experiments were done to evaluate the effect of changing power
input (80723, 80728, 80729, and 80730).
Table 4-2: Summary of Experimental Conditions
Run #

Temp.
(oC)

80522
80527
80701
80703
80707
80714
80715
80716
80717
80718
80721
80722
80723
80728
80729
80730

50
50
50
30
40
75
50
50
50
50
50
50
50
50
50
50

Agitator
Acid
Acid
Media Media
Speed
Conc. Volume Size
Mass
(RPM) (Molar)
(ml)
(mm)
(g)

200
200
200
200
200
200
200
200
200
200
200
200
100
50
400
800

1.012
1.012
1.012
1.012
1.012
1.012
0.100
4.893
2.500
1.012
1.012
1.012
1.012
1.012
1.012
1.012

700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

800
800
800
800
800
800
800
800
800
800
800
800
800
800
800
800

Particle
Size
(μm)

38–73
38–73
38–73
38–73
38–73
38–73
38–73
38–73
38–73
73–140
–38
38–73
38–73
38–73
38–73
38–73

Serp. Pump
Mass
Rate
(g) (L/min)

70
70
70
70
70
70
70
70
70
70
70
70
70
70
70
70

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4

Repeatability and Error Analysis

Four experiments were carried out to assess the experimental repeatability and
determine the combined error. Figure 4-5 shows the four experiments as well as the
model fit to the data. As can be seen, the data are repeatable and the model fit is quite
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good. However, some of the evaluation times were not the same. The variation in
sample time was due to filter failures or other problems. The time error for sampling was
under thirty seconds (less than the width of the marker, usually between six and twenty
seconds depending on filtration speed). The plotted position represents the median time
between the start of the sample and the end of the sample period and the calculated
chemical conversion (the master data file can be found in Appendix C).

Figure 4-5: Fractional Magnesium Extraction as a Function of Time for Repeatability
Experiments, 95% Confidence Interval, and Model Fit
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Because the sample time affects the conversion, it was necessary to evaluate the
combined error for those points that were evaluated at almost identical times. Thus the
standard deviation of median sample time for each programmed sample point was
calculated. The limit for use in experimental error was set at 0.1 minutes. This cutoff left
twelve of the original twenty sampling times and allowed for the error evaluation from 48
data points. For each of the twelve qualifying sampling times, the standard deviation of
the conversion was taken, and the 95% confidence interval calculated. The calculated
confidence intervals were then averaged to obtain the combined error. This error was
taken to be absolute and independent of concentration or time and was evaluated to be
±0.0087 fractional magnesium extraction units. This approach seems reasonable as the
majority of data points fall within this confidence interval from each other.

Temperature Response

Four temperatures were evaluated: 30, 40, 50, and 75oC. The profiles were used
to evaluate the frequency factor and the activation energy for the surface reaction. As can
be seen in Figure 4-6, with the correct thermal rate constants, the model can be predictive
in temperature response.
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Figure 4-6: Fractional Magnesium Extraction as a Function of Time for the Temperature
Response, 95% Confidence Interval, and Model Fits
The model fit the data within the 95% confidence interval of the data for nearly
every data point in the four data sets. It would appear that the four modes of temperature
variation within the model in Eq. 4.1 to Eq. 4.4 are adequate to describe the temperature
response of the system. From this dataset it was determined that the activation energy for
the surface reaction is 60.0 kJ mol–1 and the frequency factor is 1.49x1016 m4 mol–1 s–1 by
fitting the model to the data. The activation energy and frequency factor reported by Teir
et al is 68.1 ± 7.3 kJ mol–1 and 8.6x106 s-1 respectively.[56] However, the values in Teir’s
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study are “apparent” values meaning they cannot be directly tied to a physical principle
but rather are relative to an empirical model that linearized the data. Further, the large
difference in frequency factor is due to differences in units and reaction type. Teir
assumed a first order volumetric reaction, while the model uses a second order surface
area specific reaction. Two other studies on the dissolution of serpentine in strong
sulfuric acid reported the activation energy to be 35.6 kJ mol–1 and 52.3 kJ mol–1.[51,52]
These activation energies are for chemical reaction controlled kinetics and are lower than
that found here. However, this can be expected as these two studies dealt with thermally
treated ore and this study deals with native, untreated ore. It is reasonable to think that
the heat treatment sped the kinetics by lowering the bond strengths within the material by
removing the highly ordered structure and forming an amorphous material as evidenced
by XRD patterns for similarly treated serpentines.[42,60] If this assumption is true, it would
certainly reduce the activation energy. Similar materials such as olivine have had higher
activation energies ranging from 66.5 to 126 kJ mol–1 (extrapolated to pH of zero).[48,16]
Certainly, the activation energy found here falls within the bounds of what is reasonable
within the available body of literature.

Concentration Effects

The model struggled most with capturing the real system response to
concentration, though it did no worse than 3% conversion difference in a two hour
profile. Figure 4-7 shows the extraction data at 0.100, 1.012, 2.500, and 4.893 molar
sulfuric acid.
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The model prediction fits the data for the 1.012 M case well, and is not bad for the
2.500 M and 4.893 M case, falling just outside of the 95% confidence interval. Though,
it is fairly poor in the 0.100 M case. However, in the 0.100 M case, an interesting
phenomenon was observed at the end of the experiment. It was noted that when the
slurry was drained from the reactor, the particles quickly flocculated and settled.
Normally, the reaction effluent takes days to completely settle, but for the 0.100 M
experiment, it happened in mere minutes.

Figure 4-7:
Fractional Magnesium Extraction as a Function of Time for the
Concentration Response, 95% Confidence Interval, and Model Fits
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It is believed that this phenomenon is due to the point of zero charge (PZC) of the
depleted silica shell that forms around the reacted or partially reacted serpentine. It is
known that the leach layer on top of the particles is composed largely of silica. [45,48,56,71]
Pure silica materials have a point of zero charge of between 2.4 and 3.[76,77] The charge
on oxide surfaces is known to be pH dependant if protons can bond to oxygen at the solid
aqueous interface.[55,78-82]

The surface charge affects the hydrophilic/hydrophobic

behavior of the particles and it is known to be the controlling factor in settling and
flotation operations.[83-87] When a particle has little surface charge (i.e. is close or at the
PZC), water does not solvate the surface well and it behaves as though it were
hydrophobic. Further, the lack of charge on like particles provides no electromotive
force to separate the particles. Both of these factors result in particle agglomeration and
settling. When there is a strong surface charge, the water molecules align their dipoles to
negate the charge and are attracted to the surface. Thus the surface acts hydrophilic,
there is a strong electromotive force to separate like particles and the particles remain
suspended in solution.
The initial pH of the solution in the 0.100M experiment was one, and according to
the model the ending pH was near 2.5. This is not far from the expected point of zero
charge of the silica over-layer and it was likely that there was particle agglomeration
during the reaction. It is also likely that the smallest particles would adhere most strongly
to the large particles or to each other because the adhesion force relative to any fluid
shear would be the highest. This interaction would create an apparent particle size
distribution that had less undersize amount and larger oversize diameter relative to the
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original distribution. When the undersize amount was reduced and the oversize diameter
was increased in the model, it produced an almost exact fit to the data.
There is, at this point, no physical justification for the amounts that the model
quantities were changed by. The qualitative change of parameters is consistent with the
observation of agglomeration at the end of the experiment, with known and reported
phenomena, and with physical intuition. Further, it is likely that the solution pH was very
near the PZC for the silica leach layer for nearly the entire experiment. Diffusion from
the bulk fluid to the particle surface could have lowered the proton concentration at the
surface (bringing the pH up at the particle surface relative to the bulk solution and nearer
to the PZC for silica). While it is assumed in the model that the bulk concentration is the
same as the concentration at the outer surface of the particles, this is certainly not the case
in reality. However, the mathematical form of the diffusion in both cases is the same and
the over all diffusivity can be averaged by weighting the individual diffusivities in each
region by the distance they must act over. This is likely the reason that the model is able
to capture the real behavior even if the assumption regarding exterior diffusion may not
strictly be true. However, the diffusivity, as used in the model may not be numerically
representative of the gel layer diffusivity.
It is also likely that the opposite affect occurs in stronger acid concentrations.
That is, the smallest particles are well solvated and are less likely to agglomerate with
each other or with larger particles as the inter-particle adhesion force is reduced. This
may be the reason for the noticeably higher “hump” in the 4.893 M profile.
That said, the parameters related to the surface speciation have the greatest effect
on the model profiles at different concentrations. Increasing the PZC for the active sites
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at the core interior in the dual site 2pK model has the effect of decreasing the over all
conversion at all concentrations. Decreasing the spread in between the dissociation
constants has the effect of decreasing the spread in the conversion between profiles at
different concentrations.
It is difficult, if not impossible to measure these parameters in a mixed oxide
especially when it is complicated by an oxide over layer. Therefore, it is likely that it can
only be determined by fitting to a minimum of two concentration curves.

The

dissociation constants as defined in Eq. 3.2 and Eq. 3.3 were determined to be 1.995 x
10–9 and 5.012 x 10–10 mol m–2 respectively (pK1=8.7 pK2=9.3, giving a PZC for the
active sites of 9). The PZC of magnesium oxide has been reported to be around 10.[76]
The PZC for the un-reacted serpentine in this investigation was measured to be 8.47 and
was determined by the potentiometric mass titration technique as outlined by Bourikas et
al.[76] The PZC for the active sites involved in the dissolution is likely higher than the
serpentine measurement of 8.47 because this measurement is also subject to the influence
of the non-active silica sites which would act to lower the measured PZC. However, the
active site PZC is also likely to be lower than pure magnesium oxide because half of the
oxygen attached to the magnesium in the structure is also shared by a silicon ion. The
high positive charge density of the silicon ion, which is responsible for its low PZC,
undoubtedly affects the oxygen sites that participate in reaction by pulling
electronegativity toward the silica centers. From these bounds, it would seem that the
dissociation constants fit within a reasonable range. However, pinning down the active
site PZC to an exact value would require more investigation and detailed testing.

87
Particle Size Effects

The model was able to capture the effects of varying particle size with reasonable
parameter variation.

Figure 4-8 shows the data from three experiments with three

different particle size ranges (–38, 38–73, and 73–140μm) and the model fits.

Figure 4-8: Fractional Magnesium Extraction as a Function of Time as a Response to
Particle Size Variation, 95% Confidence Interval, and Model Fits
At first look, the results are quite counter intuitive. One would expect that the
smallest particle size would produce the largest conversion in the smallest amount of
time. However, this is not the case. In fact, the medium fraction (38–73μm) produced
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the greatest conversion. In fitting with intuition, the large size fraction (73–140μm)
produced less conversion than the midsized fraction (38–73μm).

The particle size

distributions used in this study can be seen in Figure 4-9.

Figure 4-9: PSD for Fractions Used in This Investigation
In the model, the large fraction size for the experimental 38–73μm sieved fraction
was 150μm. The mode of the PSD measured by laser diffractometry was 68.6μm. The
large fraction size in the model for the experimental sieved fraction 73–140μm was
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195μm. The mode of the measured PSD for the large fraction was 114μm. This is an
increase of 45.4μm, which roughly matches the increase in size in the model of 45μm.
The second change in the 73–140μm model fit relative to the 38–73μm model fit
is the reduction of the undersized fraction amount from 5% to 4%. This is justified by the
particle size distribution. As seen in Figure 3-11, the transition to completely surface
reaction limited kinetics begins at 11μm and effectively ends at 48μm. Integrating the
two larger fractions in Figure 4-9 from zero to 11μm reveals that the 38–73μm fraction
has 1.3% undersized while the 73–140μm has 0.7%. While it is clear that there is more
undersized in the 38–73μm fraction, it is unclear how the amounts correlate to the model
other than that both exhibit a reduction.
Understanding the data for the –38μm fraction requires a bit more detective work.
Upon first glance, one may think that the profile in Figure 4-8 belongs to a fraction with a
greater amount of undersized fraction and a slightly larger top size fraction (even larger
than the 73–140μm fraction) because the “hump” appears a bit higher in the conversion
and the outbound slope appears to be less.
However, the inbound slope in the low conversion region is telling. Typically, the
greater the fraction of undersized material, the steeper the inbound slope is if at the same
temperature. Thus a profile with a higher “hump” should also have a steeper initial slope,
all else the same. The data do not show this trend. In fact, the initial points for the
undersized fraction are almost outside of the 95% confidence interval of the next closest
fraction (38–73μm) on the low side. This factor and the expectation that the undersized
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fraction would produce a much greater conversion relative to the midsized fraction
indicate that another phenomenon is at work here.
One thing that can account for this change is particle shape. SEM images show
that smaller particles tend to have higher aspect ratios than large particles which are
likely due to the crystal structure. Both of the other two fractions had the same shape
factor of one. A nearly perfect fit of the data was obtained with a shape factor of five
along with an undersized fraction of 6% and a large fraction size of 52μm.
Figure 4-10 shows a cross-sectional view of serpentine particles of various sizes.
The image was taken in a Philips FEI Quanta 200 environmental scanning electron
microscope (ESEM) in backscatter (BSE) mode. The samples were prepared by taking a
small tube, ~5mm diameter, and filling it with epoxy. A small amount of serpentine was
added and mixed into the epoxy. The tube was then centrifuged so the particles would
pack into a dense space and be completely surrounded by epoxy. The epoxy was allowed
to set for 24 hrs. After setting up, the epoxy was removed from the tubes. Excess epoxy
was cut off and the remaining section was bisected on a plane that contained the axis of
the formed cylinder.

The section halves were adhered to the bottom of a standard one

inch petography mold and set in more epoxy. The molds were then ground and polished
by standard petography methods and imaged in BSE mode in the ESEM. The near black
regions in the image are the epoxy matrix, the grey regions are serpentine particles. The
light regions are iron oxides.
It appears that the aspect ratio increases as particle size decreases. Figure 4-11
shows a higher magnification image surrounding the fish-like shaped particles near the
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center of Figure 4-10. The smaller particles tend not to be as spherical as the large
particles.
Though the three dimensional shape cannot be determined by a single set of
cross-sectional images, it can be inferred that there is at least a shape change with size.
The centrifuging process will not produce a random distribution of particles in space. The
shortest axis of the particle will have a tendency to align its axis with the direction of
force, thereby minimizing its potential energy. This can be seen in Figure 4-10 and
Figure 4-11 in that very few particles have aligned the long axis in the upward direction
(the direction of the centripetal force).

Figure 4-10: BSE ESEM Image of Cross-Sectioned and Epoxy Mounted Serpentine
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However, there is no apparent driving force to align the longest axis in any
particular radial direction and it would be expected that this would produce a random
orientation in the radial direction. Thus it is impossible to separate plate-like shapes from
fiber-like shapes from these images. However, it is fair to say that very few sphere-like
shapes exist in the small fractions while the larger fractions do not have particles with
aspect ratios exceeding ~3:1.

Figure 4-11: High Magnification BSE ESEM Image of Cross-Sectioned and Epoxy
Mounted Serpentine
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Figure 4-12 shows an ESEM image of undersized serpentine particles adhered to
double sided carbon tape. While it is not possible to determine what the precise three
dimensional shape is from a two dimensional image, this image does support the idea that
the smaller particles tend to have either a plate like or fiber like morphology with a high
aspect ratio.

Figure 4-12: High Resolution ESEM Image of Small Serpentine Particles
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While general character can be inferred from two dimensional images, it is not
quantitative. What is really necessary is some method by which the particles can be
scanned with high resolution to produce a three dimensional image of a large number of
particles that represent those being used in the experiment or to take a much larger
sample of two dimensional images that can describe the system. However the availability
of instrumentation that supports these techniques is limited. Penn State has the Center for
Quantitative Imaging (CQI) at the Energy Institute.

CQI has a high power, high

resolution computer aided tomography (CAT) machine which can produce 3D images,
but maximum resolution is about 5 micrometers which is not enough to adequately image
the smallest particles in the distribution. A similar technique can be done in a TEM, but
the sample size is very limited and the swept viewing angle is low which creates artifacts.
An AFM could image the smallest particles, but would struggle with anything bigger than
ten micrometers.

Quantitative cross-sectioning techniques do exist but they are

extremely labor intensive and take years of learned skill to perform well and require
specialized and accurate equipment.
One technology available today that is quick and easy which could bring valuable
insight to this and future research is a particle microscopy imaging system.

The

operating principle for the system is fairly simple: take a large number of pictures of
particles (~60,000) through a microscope and do image analysis to come up with not only
a particle size distribution, but also aspect ratios, circularity, transparency, shape factors,
volumes, counts, etc. One ideal instrument for this task is the Brightwell Technologies
DPA-4100. It consists of a high speed camera and microscope that can take images of
particles moving through a specially designed flow cell that ensures consistent particle
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presentation to the imaging system. The focal depth of the microscope and the cell
thickness are about 400μm which sets the top size for the analysis and is plenty large
enough for the study at hand. Further, because of the extremely narrow light path
through the cell, very high particle concentrations can be imaged (approximately ten to
one hundred times the concentrations used in the reaction system in this study depending
on the flow cell). The flow cell is also made to be chemically resistant and consumable.
The system is capable of characterizing particles down to and below one micrometer.
The system is also capable of performing an online analysis and can track particle
morphology changes with time. The system could be used to directly characterize the
particle morphology during a digestion experiment, identify agglomerates and answer
many of the questions identified in this study. It may also provide the shape information
needed to make the model completely predictive. However, with a price tag starting at
sixty to seventy thousand dollars this system is beyond the capabilities of the current
study and because of the novelty of the system, it is difficult to find and collaborate.
As of right now, the largest piece of the puzzle that cannot be accounted for is
particle morphology and how it affects the reaction progress. A system such as the DPA4100 may provide enough information to quantify the incoming material and directly
calculate how that material will behave. It is clear from Figure 4-8 that both size and
morphology play critical roles in the kinetics. It appears that the model is able to capture
the behavior of both, but not predictively. At the current stage of research, morphology
characterization equipment is not readily available. Characterizing both aspect ratio and
size may be enough for the model to be predictive and it is clear that treating all particles
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as though they were spheres in a size analysis is not sufficient. This problem represents a
tremendous opportunity for future research and quite possibly another thesis.

Effect of Changing Mechanical Power Density

As noted in Chapter 3, it appears that the changes in grinding conditions can be
captured by changing the effective diffusivity in the model. The relationship between
applied mechanical power and effective diffusivity was further explored in this
investigation. Figure 4-13 shows the dissolution profiles for several experiments in which
only the RPM (grinding energy) was varied. The figure also shows the model fits to the
data with the only variation being Deffmult in Eq. 4.2.
In this series of tests, the reaction torque on the agitator shaft was measured by the
load cell in the torque sensitive mixing head assembly and because a stepper motor was
used, a known and constant rotational velocity could be maintained. This allowed for the
calculation of mechanical power input to the system. The power density, defined as the
ratio of mechanical energy put into the system to the reaction volume (excluding grinding
media), was used as a marker to correlate to the effective diffusivity. The power density
was used because it should be a more consistent indicator across reactor (grinding
apparatus) types.

97

Figure 4-13: Fractional Magnesium Extraction as a Function of Time as a Response to
Agitation Speed, 95% Confidence Interval, and Model Fits
It was found that the best relationship between measured mechanical power and
agitation speed was a power law relationship.

As can be seen in Figure 4-14, the

correlation is quite strong. However, this relationship is specific to this kind of vessel
and should not be applied to other geometries as changes in geometry will affect the
power-RPM relationship.
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Figure 4-14: Mechanical Power Input vs Agitator Shaft RPM
It was found that a second order polynomial can adequately describe the
relationship between power density and effective diffusivity. For each experimental
profile in Figure 4-13, Deffmult was varied until the squared error between the model and
the data was minimized. The fitted values were then plotted against the calculated power
density and curve fit. Figure 4-15 shows the correlation expressed in terms of effective
diffusivity vs. mechanical power density.
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Figure 4-15: Relationship Between Effective Diffusivity and Mechanical Power Density
at 50oC
Though there appears to be a decent trend between effective diffusivity and power
density, it is not immediately obvious how or why the phenomenon of diffusion should
be correlated with changes in mechanical grinding intensity. However, an accidental
discovery may shed light on this issue.
In an attempt to measure small quantities of serpentine, a 15ml optical cell was set
up in the Malvern 2600c. The small cell requires less than 5mg of sample to reach the
necessary obscuration. The cell consists of an anodized aluminum frame with optical
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quartz windows and a small magnetic stirrer (see Figure 4-16). The rotation of the
magnetic stirrer in the flow cell set up a flow pattern such that the fluid rose vertically
above the stir bar, through the center of the laser path and then would split and fall back
around the left and right side of the cell.

Figure 4-16: Small Cell for the Malvern 2600c
When the sample was introduced to the cell and the correct obscuration obtained,
the measurement was taken. A duplicate measurement was taken several minutes later.
However, it was found that the distribution had changed significantly, that the
obscuration nearly doubled, and that the fluid in the cell now appeared cloudy. It was
apparent that something significant was occurring in the process of taking the
measurement in this way as this behavior was not apparent when measuring with the flow
through cell. The experiment was repeated, this time taking several measurements at
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known and recorded time intervals. The PSD’s are shown in Figure 4-17. The size
fraction used in the plots was the 38–73μm wet sieved serpentine which is the same as
that in Figure 4-9. However, the focal objective was changed from 300mm to 100mm in
order to capture the behavior of the smaller fractions.

Figure 4-17: Small Stir Cell Time Dependant PSD’s
It is evident, both from Figure 4-9 and Figure 4-17, that the initial sample is
composed of particles ranging from twenty to one hundred micrometers in size with a
mode of approximately 75μm. What is seen in Figure 4-17 is a reduction of that fraction
as well as a shift in the weighted center of the distribution. The weighted center was
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evaluated from the start of the large peak at 25μm and its end at 122μm. The weighted
center was calculated by multiplying the particle size by the measured fraction in that size
and dividing by the total fraction in the size range. This measure of center is more
representative than simply the mode because it reflects the interaction of all the particles
in the large fraction range rather than just the most numerous. At the same time, the
fraction of material under 25 micrometers grows. Figure 4-18 shows the weighted center
for the fraction between 25μm and 122μm in Figure 4-17 and the fraction of material less
than 25μm as a function of time in the cell.

Figure 4-18: Weighted Center of the Large Fraction (25–122μm) and the Undersized
Fraction (–25) in the Stir Cell Experiment
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The only thing that can account for this change is the action of the rotating stir
bar. What was likely happening was the large particles settled to the bottom of the cell
and fell into the cavity that held the stirrer in place. While there, they experienced low
energy attrition grinding before being spit out into the general solution again. The cavity
that secures the magnetic stirrer shows signs of a high amount of wear relative to the rest
of the cell. Further, the stir bar is made from Teflon and the aluminum housing is hard
anodized. It is unlikely that the Teflon alone could account for the wear through the
coating and into the underlying aluminum. It is likely that particles got in between the
aluminum housing and the magnetic stirrer and caused the wear.

In doing so, the

particles experienced mechanical grinding.
A typical grinding mechanism is considerably higher energy and results in
complete cleaving of the particles along the weakest planes. In a cumulative distribution
(percent passing vs log(particle size)), this grinding action results in a PSD that maintains
the same slope (distribution modulus) but shifts its position (location modulus) towards
the smaller size. In a fractional distribution, the bell shaped curve maintains its shape and
shifts to a smaller mean size. The type of grinding that occurred in the stir cell does not
match the typical impact comminution theories as the bell shape shrank and the mode
remained approximately in the same place (though the weighted center shifted).
Though typical impact comminution cannot describe what is happening inside the
stir cell, it is likely that a low energy attrition grinding mechanism can. This mechanism
is much like that which makes sea glass (broken bits of glass that have been worn smooth
by the action of sand and waves over long periods of time). There is not enough energy
density in most waves that crash onto sandy beaches to fracture small (roughly one to two
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inch size) bits of glass. That is to say that the majority of the energy is dispensed in
turbulent fluid motion, noise, and heat before the wave has a chance to interact with the
shore where sand and glass are found. However, there is enough energy to break off
small, high surface potential energy irregularities (those being the sharp edges) and
transform the larger irregular piece of glass into something that is more rounded or sphere
like. In doing so, the large particle may have shrunk very slightly, but created a great
number of small, broken off pieces coming only from the exterior surfaces of the glass
piece. Attrition type grinding fits with the type of particle size reduction found in the
small cell grinding test and displayed in Figure 4-17 and Figure 4-18.
A similar type of rubbing action that was present in the small cell test has been
observed in the stirred beads of the experiments. While it is likely that beads must part to
make way for the agitator tines to pass and must come back together again, the major
action between the beads is rubbing. It has been observed that the stirring action does not
produce fluidization of the beads but rather sets up a condition where the beads nearest
the center of the shaft experience a rotational velocity nearly equal to the shaft and that
the rotational velocity slows as the radial distance grows. Further, it has been observed
that the beads remain in very close contact (they appear as though they are touching the
entire time). These conditions dictate that the velocity of any single bead relative to its
nearest neighbor is not very different. In addition to the small size and relatively low
density of a single bead, the energy available in a bead-particle interaction is very low, on
the order of the energy in the stir cell experiment. Though the energy levels in either case
have not been measured, it is reasonable to think that the same type of attrition grinding
occurs during the progress of the reaction.

105
Further, this type of grinding action explains why increasing the effective
diffusivity can capture the effect of increasing the power density. Consider two identical,
spherical particles. Each has undergone the same amount of reaction and, therefore, has
the same internal core diameter. The first does not experience grinding in reaction, the
second does. Thus, the exterior radius of the first particle is the same as the original
particle and the exterior radius of the second particle has shrunk due to the action of the
attrition type grinding, but is still larger than the core diameter.
The diffusivity constant relates concentration change to physical distance. The
higher the diffusion, the shallower the slope will be. The diffusivity of ions through the
porous layer is very slow (steep slope) and the diffusivity of ions through open solution is
fast (shallow slope). In the model, it was assumed that the bulk concentration was
constant at the initial, outer particle surface. These factors combine such that a new
effective diffusivity (at a slope in between the solution diffusivity and the gel layer
diffusivity) is reached which allows for higher concentration at the core surface and faster
overall rate. The drawing in Figure 4-19 illustrates the discussion.
The above conceptualization and knowledge of the type of grinding that occurs
does allow one to understand why the diffusivity increases with increased power density.
However it is yet unclear as to why the effective diffusivity remains constant. Whatever
the cause, it is apparent that the thickness of the diffusion barrier is set both by the
attrition grinding rate, and the dissolution kinetics and that the relationship remains
consistent throughout the entire reaction allowing for a single parameter to describe the
effect of grinding.
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Figure 4-19: Visualization of Diffusion Both with and without Attrition Grinding for the
Same Conversion (Simplified Conceptualization, Profiles are not Linear in Spherical
Geometry)
It is also valuable to note that attrition grinding is likely not the only way to
produce a fresh/semi-refreshed surface during the reaction. However it is likely to be
among the lowest energy solutions. The combination of attrition grinding with the
chemical attack of the acid reduces the energy consumed to generate fines because the
chemical attack significantly weakens the structure and allows for easy fracture of the
silica layer that develops during digestion.

In comparison, impact breakage would

require more energy because generating fines of the same size would require long crack
propagation distances through a solid material as compared to short propagation distances
through a porous, weak structure. The energy difference is further evident in the amount
of the energy needed to first reduce the particles to a fine size and then do a fast
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digestion[40] as compared to the current study where attrition grinding and digestion are
combined.

Combining a fast impact grinding with digestion is likely to speed the

kinetics, but the energy consumed is not likely to differ greatly from doing them
separately.

Model Variables and Values

Table 4-3 is a summary of the important model variables and their values for each
experimental fit. There are eleven important variables in the model: the temperature, T,
the frequency factor, A, the activation energy, Ea, the initial acid concentration, CAi, the
diffusion temperature proportionality constant, Deffmult, the small particle size, PSS, the
large particle size, PSL, the under sized fraction, Fu, the PZC for the active sites, PZCA,
the 2pk separation, Δpk, and the shape factor, Sf. The temperature and initial acid
concentration were controlled values and set according to Table 4-2. Though there are
many variables in the model, two are experimental, and the rest are interdependent.
However, all variables have their roots in material properties and are part of the
derivation from first principles. The good fit to several experimental profiles gives
confidence to the values in Table 4-3 and to the model’s ability to capture real behavior.
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Table 4-3: Important Model Parameters (Temperature and Concentration in Table 4-2)
Run #
80522
80527
80701
80703
80707
80714
80715
80716
80717
80718
80721
80722
80723
80728
80729
80730

A

(m4/mol/s)
1.487x1016
1.487x1016
1.487x1016
1.487x1016
1.487x1016
1.487x1016
1.487x1016
1.487x1016
1.487x1016
1.487x1016
1.487x1016
1.487x1016
1.487x1016
1.487x1016
1.487x1016
1.487x1016

Ea
(kJ/mol)
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0

Deffmult
(m2/s/K)
2.50x10–15
2.50x10–15
2.50x10–15
2.50x10–15
2.50x10–15
2.50x10–15
2.50x10–15
2.50x10–15
2.50x10–15
2.50x10–15
2.50x10–15
2.50x10–15
1.02x10–15
4.24x10–16
4.92x10–15
17.3x10–15

PSs
(μm)
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68

PSL
(μm)
150
150
150
150
150
150
220
150
150
195
52
150
150
150
150
150

Fu
()
0.05
0.05
0.05
0.05
0.05
0.05
0.03
0.05
0.05
0.04
0.06
0.05
0.05
0.05
0.05
0.05

PZCA
()
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9

Δpk
()
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3

Sf
()
1
1
1
1
1
1
1
1
1
1
5
1
1
1
1
1

Testing Range of Applicability and Model Robustness

The model proved to be highly accurate and able to describe the data taken in the
parametric study. However, it is desirable to test the model outside the bounds of the
parametric study. Several experiments were designed and conducted to test the model’s
ability to be predictive.
First, the parametric study used 3mm glass beads and it was desirable to know
how the model would handle different size grinding media. Thus, the grinding media
was switched to 2mm and all else held the same. The model was able to capture the
behavior through the measured change in power density. Figure 4-20 shows the data
collected, the 95% confidence interval and the model prediction with the 2mm grinding
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media. The measured power density was 568 W/m3. This power density correlates to a
temperature proportional diffusion multiplier of 1.06x10–15 m2/s/K. At 50oC, this results
in an effective diffusivity of 3.43x10–13 m2/s, which is consistent with Figure 4-15.

Figure 4-20: Model Prediction with a Change in Media Size
Since the fit was good for this test, it was also desirable to see the system
response to a change in size fraction and grinding intensity. Thus, the serpentine large
sieved fraction, 73–140μm, was used as well as changing the agitation speed to 400RPM.
The measured power density was 2.49 kW/m3 which correlates to 2.03x10–12 m2/s via

110
Figure 4-15. This also produced a satisfactory fit as seen in Figure 4-21, though the
model under predicts this case by about 1%.

Figure 4-21: Model Prediction for Large Particles at Higher Grinding Intensity.
Third, it was desirable to see if the model could match the behavior if two particle
sizes were mixed in a known ratio. Thus, a 50/50 mixture of the 38–73μm and the 73–
140μm serpentine was tested. Figure 4-22 shows the results of this experiment as well as
the results from each fraction alone.
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Figure 4-22: 50/50 Particle Mixture Test and Model Prediction.
The model predicted that the fractional conversion would lie precisely in the
middle of the two individual fractions. This would be expected for particles of the same
shape factor. However, the experimental data show the conversion about 1% lower than
the model predicts. This is not far from the 95% confidence interval, but could suggest
that there is a slight shape difference between the large and small particle fractions.
However, without better instrumentation, there is no way to quantify this suspected
difference.
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Finally, it was desirable to see the system response and the model predictions for
a different acid system. One molar nitric acid was tested at different temperatures to
assess the frequency factor and activation energy.

Figure 4-23 shows the system

response to nitric acid at various temperatures and the model predictions.

Figure 4-23: Data, 95% Confidence Interval, and Model Predictions for the Temperature
Response of the 1M Nitric Acid Serpentine System
As it turns out, a reduction in the frequency factor from 1.487x1016 m4/mol/s to
0.60x1016 m4/mol/s in addition to changing the solution chemistry thermodynamic model
to nitric acid can adequately capture the temperature response. The frequency factor was
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determined by fitting the model to the data at 50oC and that value was then used to
predict the other temperature profiles. The predictions matched the data quite well.
There was no need to change the activation energy, which suggests that the rate
determining surface reaction mechanism does indeed only involve the irreversible
decomposition of the protonated surface sites. However, the change in frequency factor
does suggest that the solution composition can affect either the collision frequency or the
steric hindrance. The reasons for this are unclear. What is true is that the collision theory
is based on ideal gas reactions and that the farther from the ideal reaction, the greater the
observed frequency factor shifts from that which can be calculated. The steric factor is
nothing more than an empirical factor that relates observed successful collisions to the
calculated based on ideal conditions. Surface reaction mechanisms are quite far from the
ideal gas reaction and the frequency factor cannot be predicted. That said, it is apparent
that the developed digestion model will be able to predict the behavior under various acid
systems if the acid dissociation constants are modeled in the solution chemistry model
and if the frequency factor is determined from the fit to the measured profile.

Application of the Model for a CO2 Capture and Sequestration System

A 500MWe power plant produces roughly four million tons of CO2 per year.
Four megatons of CO2 per annum works out to be about 115 kg/s or about 2.61 kmol/s.
If it can be assumed that a sequestration system achieves the chemical reaction 1:1
stoichiometry between magnesium and carbonate, then the chemical reactor would have
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to supply 2.61 kmol/s of magnesium which equates to processing 241 kg/s of serpentine
to 100% magnesium extraction.
The reaction system in this study used 3mm silica beads as a grinding agent and
had a solids loading of 70g/700ml of acid. No industrial process would run under these
conditions, but it was quite convenient for the study of the kinetics. However, some
energy and sizing estimations can be made based on the model predictions. Because the
particle loading was so low (10% w/v), the efficiency was also low and most of the
energy in the system went into moving the beads without being transferred to serpentine.
The most reasonable solution would be to run the reactor in the same configuration as an
autogenous grinding (AG) mill (that is using larger particles of the same type to grind the
small particles). In that way, the energy can be supplied with the highest particle to
particle interaction. If the large particles are small (say below 3mm), the action should be
roughly the same as that in the experimental setup. A typical solids loading in an AG
mill is 60%, which is six times that used in the experiment. As an upper limit, it is
reasonable to assume that the energy requirement to achieve the same grinding scales
linearly with particle loading. The highest power density measured in the experimental
investigation was 5.68 kW/m3 (based on liquid volume) which resulted in the fastest
chemical digestion rate. Thus it shall be assumed that the power density is 34.1 kW/m3
with a solids loading of 60% w/v. If the reactor is run with seven molar sulfuric acid at
120C (near the boiling point), the model predicts that 100% conversion will be achieved
in roughly 20minutes under experimental conditions as can be seen in Figure 4-24. The
power density and particle loading were left unchanged because changing particle
loading has little effect on the kinetics if expressed in terms of conversion when a great
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excess of acid is present and it was assumed that power density scaled linearly with
particle loading to achieve the same kinetics.

Figure 4-24: Model Prediction of Conversion at 120C, 7molar Sulfuric Acid
Concentration, the Demult Equivalent of 5.68kW/m3 (17.3 m2/s/K), and 10% Solids
With this residence time requirement, there must be at least 290 tonnes of
serpentine in the reactor at any given time. At 60% w/v, the liquid volume will be 483m3
and a mechanical power draw of 16.4MW. Assuming a 90% efficiency of motor and
drive train, that gives a parasitic energy loss of 18.3MWe or 3.7%. With a solids density
near 2.5, the total solid and liquid volume is calculated to be 599m3. If the solids and
liquids occupy 40% of the reactor space, this gives a total reactor volume of 1496m3.
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This volume is equivalent to a cylinder that is 15m in diameter and 8.5m long, which is
on par with a large AG mill.
These numbers likely represent the upper bound for two reasons. First, the
experiments were conducted with silica beads and an AG mill will use larger serpentine
particles to grind the finer particles. The difference is that the grinding media also counts
towards the reaction progress, whereas the grinding media in the experiments did not.
Thus more magnesium will be extracted in any given time than that which is modeled.
Further, it was assumed that the power requirements were directly proportional to solids
concentration. This would be true if there were no grinding efficiency gain due to higher
particle concentration. In reality, the efficiency will rise due to the increased chance of
particle, particle interaction and the power requirement should fall below a linear basis as
particle concentration rises.
O’Connor et al estimated that the energy required to crush and grind serpentine to
-200 mesh was 13kWhr/ton (evaluated from observation of real processes), which is a
finer particle size than need be.[41] In equivalent units, the upper bound for the estimate
above is about 19.1kWhr/ton. This brings the parasitic energy loss to just over 6.1% and
accounts for all the major, energetically intensive steps. These estimates place this CO2
sequestration technique below that of competing technology whose energy losses can
exceed 20%.[88]

Even if the high grade energy requirements for the rest of the

sequestration system consumed as much power as what was calculated above (the major
energy requirement), the technology would still be competitive on an energy
consumption basis.
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Conclusions

In general, the proposed kinetic model is successfully able to capture the behavior
of the dissolution of serpentine in sulfuric acid. Within the limits of this investigation,
the model was able to capture the experimental extraction of magnesium from serpentine
within ~3% in every case, and within 1% for most cases. The model did best at capturing
temperature response, the response to increased power density, and to changes in particle
size.

The model struggled most with capturing the response to changes in acid

concentration. It is clear that some particle behaviors which are pH dependent, while not
accounted for in the model, do affect the dissolution behavior such as gel layer surface
charge and agglomeration. Further, both particle size and shape play critical roles in the
dissolution kinetics. However, the ability to characterize and measure particle shape
before, after, and during the progress of the reaction was not available during this study.
Even so, the model was still able to match the measured behavior with the addition of a
shape factor and reasonable changes to the semi-empirical PSD. It is felt that particle
shape characterization could lead to a completely predictive model without the need to
use a semi-empirical PSD. This would require a series of studies with a particle analyzer
such as the Brightwell Technologies DPA-4100. The capabilities of this instrument to
make dynamic, in situ measurements could identify important shape factors to be used in
the model; it can also detect agglomeration levels.

That said, the model can be

reasonably predictive, in its current state, if it is primed with experiments run with the
PSD that will be used in the system of interest and under pH conditions far from the gel
layer’s PZC. Finally, evidence was found that supports the notion that the grinding
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action is due to attrition, not impact and can be accounted for by changing a single
parameter, the effective diffusivity. The development and use of the model has provided
invaluable insight and information into how serpentine behaves in strong acids.

Chapter 5
Future Work

As previously discussed, there are a few issues that could benefit from further
investigation. First, from Figure 4-8, Figure 4-10, and the associated discussion, it is
apparent that particle shape is as important as particle size in the kinetics. In order to
further extend the predictive capacity of the model, work should be done to develop a
simple and quick method to characterize the shape of the particles as a function of the
particle size.

The way that the model is developed now, it would seem that

characterizing the size of the particles based on minor dimension and the shape with an
aspect ratio should be adequate. However, the coding of the model may also have to be
modified in order to assign a shape factor for each minor dimension size rather than to the
entire distribution.
It is likely that the relationship between measured size and shape factors and those
used in the model would have to be correlated. That is, the size and shape measured in
the experimentally determined shape and size distribution may not be able to be directly
imported to the model. It is likely that there would be need for a correlation between
measured particles and the modeled parameters because the model is built on spherical
geometry only and approximates all other geometry as if it were constructed spheres
stacked together. Further, it is likely that no simple geometry will adequately describe
the experimentally determined shape because the real particle shape is not simple.
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However, this study has shown that complex geometry can be captured by the behavior
of simpler geometry.
In order to do this study, one would have to use an instrument like the Brightwell
Technologies DPA-4100. This instrument operates by taking high resolution digital
images of particles that pass through a specially designed flow cell.

It records

approximately 60,000 particle images and analyzes them automatically in under five
minutes. It can measure long axis, short axis, area, transparency, and perimeter among
many other things. Further, it has the ability to operate in situ and flow cells can be
purchased that have high chemical resistance. This means that the particles can not only
be characterized before the experiment but also during the progress of the digestion.
Every parameter that it measures can be functionalized relative to time.
Further, it would be useful to be able to classify the starting material not only by
size but shape as well. The ability to separate particles based on shape would make it
easier to test particle shapes for their dissolution behavior which would make developing
a correlation easier. However, a method for accomplishing shape classification cannot be
suggested at this time.
In conjunction with the shape study, the agglomeration behavior of the particles
could be examined. During the progress of the reaction, if the solution pH comes close to
the point of zero charge of the surface layer of the particles, they will have the tendency
to become hydrophobic and stick together forming flocks.

At the current state of

development, the model cannot account for this behavior. In order to account for the
agglomeration, the model would have to be able to account for external diffusion as well
as internal diffusion and would have to have some way to account for the surface charge
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for the silica over-layer. Further, the model would have to account for the inter-particle
forces and fluid shear. Modeling all of this would add many layers of complexity. It
may be simpler to use the Brightwell Technologies DPA-4100 to measure agglomeration
and allow that to trigger particle size changes in the model rather than to predict
agglomeration behavior in such a complicated system. In any case, analyzing the in situ
agglomeration behavior will definitively answer some of the questions relating to the
model misfits due to concentration changes as seen in Figure 4-7.
The second area for future work would be to develop the model so that it can be
used to describe a continuously stirred tank reactor (CSTR). Typically, batch reactor data
can be used to describe the CSTR behavior if the residence time distribution (RTD) is
measured for the CSTR. To measure the RTD, a small, concentrated slug of tracer
material is charged to the reactor at time zero. Samples are taken at known time intervals
and analyzed for the tracer. The fraction of the tracer is plotted against time and typically
takes a bell shaped form with the mode at the time that is the ratio of reaction volume to
flow rate. The collected RTD is multiplied by the batch conversion profile and integrated
from time zero to infinity. This value should be the conversion in the CSTR.
In order to measure the RTD, the reaction system in Figure 4-4 would have to be
modified to include a solids feeder, a liquid injection pump, and a level control. The
system could be activated and allowed to reach steady state under the same conditions
under which the batch reaction profile was collected. The tracer could be added to the
reactor and the RTD collected. Soon after, a sample could be taken and analyzed for
magnesium concentration. The RTD and batch profile could be multiplied and integrated
to be compared with the calculated conversion form the magnesium concentration data.
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If the data match the calculations, the batch model could be used for the CSTR reactor
type and the applicability for the model could be extended.
Third, it is assumed in the model that the diffusion layer has clear and well
defined borders as well as uniform properties throughout. In reality, this is not the case.
It is likely that the outer surface of the serpentine particle is completely devoid of
magnesium (or very close to it) and that at some point close to what is imagined as the
inner core, there is a gradient transition zone. In this transition zone, it is likely that
porosity and magnesium concentration are not constant. However, it is not known how
thick this zone really is nor how it develops. Further, the model indicates that the
diffusivity is on the order of 10–12 to 10–13. This is indicative of either a very dense
diffusion barrier or of a two step diffusion process: first through a relatively porous
network, and then through a very dense under layer transition zone. The actual diffusion
mechanism can only be found by a fundamental study of partially digested particles. A
technique such as cross-sectioning and EDS or EELS line scanning or an FIB coupled
with an MS could work depending on the spatial scales of interest. The diffusion and
digestion mechanism information gained through a study like this could be fed back into
the numerical model to improve its performance.
Fourth, a statistics package could be developed for the model. There are a great
number of interdependencies in the model that make the statistical analysis challenging.
However, it would be good to know error is in a fitted model parameter given the error of
the measurements. This is not a trivial task and requires a great deal of statistical
knowledge and time.
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Fifth, fundamental knowledge of the active sites in the serpentine is lacking. The
physical properties for these sites such as acidity and population density are unknown.
The challenges associated with measuring these parameters and applying them to a
dissolution model exist because serpentine is a mixed oxide structure, because it
dissolves incongruently, and because it is not a homogeneous substance.

Because

serpentine is a mixed oxide, standard techniques such as mass titration cannot yield the
acidity of the sites involved in the reaction. That is, there are certainly some oxide sites
(primarily those bonded to silica) that will participate in proton adsorption but are
relatively unimportant and/or do not participate in the dissolution mechanism of the
magnesium. Moreover, because the magnesium in the serpentine structure shares oxygen
with silica, the electro negativity of the magnesium is not likely to be the same as a pure
substance consisting of the same magnesium oxide structure but without the shared
oxygen with silica. Therefore, it is not possible to make direct inference to the active
surface sites by comparison to pure materials.
Furthermore, the conversion of serpentine into inactive silica makes tracking the
change in the number of active sites difficult. The difficulty arises in two ways. First,
the depleted and broken off silica is chemically inactive, and still contributes to any nonselective surface area measurement such as nitrogen BET. Further, the structure of the
depleted, porous, broken off silica can account for hundreds of square meters per gram of
specific surface area whereas any un-reacted serpentine would, at most, contribute ten
square meters per gram.

This makes the sensitivity of any measurement that can

selectively adsorb to magnesium active sites lower. Second, it is known that the silica

124
undergoes a condensation reaction and that the bonding state of the silica change
accordingly[65] which could result in a change in acidity for that part of the solid mixture.
Even though the acidity of the sites within serpentine are not the same as their
respective pure substances nor is it likely that the respective sites remain the same
chemically through the progress of the reaction, it is likely that the sites involved in the
dissolution of the magnesium are basic (somewhere close, but lower than that of pure
brucite (pzc=10.3)) while those not involved are acidic (somewhere close but higher than
silica (pzc=2.5)). Therefore, somewhere in the near neutral region, the sites should be
oppositely charged. This presents an opportunity to exploit specific adsorption for the
determination of site density and acidity. In the near neutral pH region, the sites close to
the magnesium are likely to remain positively charged while the sites near silica are
likely to loose their protons and become negatively charged.
The challenge would be to develop a magnesium site selective tag molecule that
can both bind to the magnesium sites and be observed in some spectrographic technique.
There are two suggestions that can be offered. First, a fluorine doped organic acid could
selectively adsorb onto the positively charged magnesium site at near neutral solution pH.
The solids could be separated from solution and then the amount of adsorbed tag
molecules could be quantified in a nuclear magnetic resonance spectrometer set to
quantitatively observe fluorine spectra. Secondly, boric acid is known to adsorb onto
basic solids.[90]

The solution thermodynamics for borate compounds result in the

development of a negative borate ion at a pH above seven (pKa for boric acid is 9.2).[90]
At any lower pH, the borate compounds are neutrally charge and do not have specific
interaction with charged sites. Therefore, at a slightly basic pH, the borate ion would be
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attracted to the positive magnesium sites and repelled by the negative silica sites. The
determination of boron adsorption can be done via simple wet chemistry methods and
spectrophotometric determination.[91] Either of these techniques could result in both the
determination of the number of sites available and acidity constants of the active sites by
observation of specific adsorption at various solution pH conditions.

Further, the

evolution of the sites could be tracked throughout the progress of the dissolution reaction.
Of course, the data would have to be heavily interpreted through solution-solid-interface
modeling.[90]
Finally, the digestion reaction is only part of a complete carbon dioxide
sequestration system. Several challenges exist after the magnesium is extracted from the
serpentine ore so that the ions can be combined with carbon dioxide to form the mineral
carbonates. Of the key challenges, materials handling and logistics as well as energy
consumption are key.

It may also be possible to produce valuable, cost offsetting

byproducts such that the carbonation method can stand on its own economically. At least
one method has been developed and patented.[46,47,89]

However, several process

improvements can be made and are the focus of the research at Carbon Trap
Technologies Incorporated. Methods are being developed in which starting materials are
recycled and energy is generated during the sequestration process.

Chapter 6
Conclusions

Anthropogenic activity has been identified as a major source of global
environmental changes in recent times. Most specifically, the amount of carbon dioxide
generated for human kind’s energy needs is unparalleled and is linked to recent rises in
global mean temperature. Many advances in efficiency and conservation can reduce the
carbon emissions, but not far enough. If carbon containing fuels are to continue to be a
source of energy for our society, carbon sequestration is going to have to be applied. Of
the many ways that carbon sequestration can be accomplished, mineral carbonation has
the ability to assuredly prevent carbon dioxide produced from combustion from ever
reaching the atmosphere by converting the carbon dioxide to a more stable carbonate
form.
The challenge to this type of sequestration is reducing the energy consumption.
The naturally occurring, widely available starting materials for mineral carbonation also
contain silica. The silica is known to form a diffusion barrier around the mineral particles
that can impede or even stop the reaction. Recent research has shown that incorporating
a low energy attrition grinding during the acid extraction of magnesium from serpentine
can more than double the extraction kinetics.

However, no research was done to

understand the dissolution kinetics or mechanism under these conditions. The current
work has been dedicated to developing a kinetic, computational model based on surface
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reaction and species distribution, surface charge, the electrical double layer, gel layer
diffusion, particle size and shape, and bulk solution chemistry.
The development and understanding of the dissolution mechanism was divided
into two studies. In the first study, exploratory experiments were conducted in order to
identify important variables in the dissolution mechanism, to compare results to previous
studies, to develop the initial model, and to try to test the limits of the experimental
system. There were three important results from the first study. First, simultaneous acid
etching and grinding with a single strong acid significantly increase the overall reaction
rate and yield. To my knowledge, an extraction of such high conversion in such short
time with this type of serpentine without solids modification or pretreatment has not
previously been reported in the literature. Second, the acid etching prefers grain
boundaries and defects, as is expected. This suggests that a focus on comminution
techniques that can impart high amounts of structural defects could be helpful. Third,
and most importantly, grinding is not sufficient to keep surfaces refreshed under the
current conditions. That is, the initial stages of digestion proceed quickly and appear to
be surface-reaction limited, while the later stages appear to be diffusion limited. Using a
modified shrinking core model with a hypothetical spherical PSD, the effect of grinding
appears to change the effective diffusivity of the gel layer surrounding the un-reacted
core. It was demonstrated that the combination of physical and chemical methods can
lead to greatly increased kinetics. Further, it was shown that simple strong acids can be
used to greater effect than mixtures of acid and organic agents.
The second study was more targeted towards validating the model and further
understanding the mechanism of dissolution. In general, the proposed kinetic model is
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successfully able to capture the behavior of the dissolution of serpentine in sulfuric acid.
Within the limits of this investigation, the model was able to capture the experimental
extraction of magnesium from serpentine within ~3% in every case, and within 1% for
most cases. The model did best at capturing temperature response, the response to
increased power density, and to changes in particle size. The model struggled most with
capturing the response to changes in acid concentration. It is clear that some particle
behaviors which are pH dependent, while not accounted for in the model, do affect the
dissolution behavior such as gel layer surface charge and agglomeration. Further, both
particle size and shape play critical roles in the dissolution kinetics. However, the ability
to characterize and measure particle shape before, after, and during the progress of the
reaction was not available during this study. Even so, the model was still able to match
the measured behavior with the addition of a shape factor and reasonable changes to the
semi-empirical PSD.

It is felt that particle shape characterization could lead to a

completely predictive model without the need to use a semi-empirical PSD. This would
require a series of studies with a particle analyzer such as the Brightwell Technologies
DPA-4100. The capabilities of this instrument to make dynamic, in situ measurements
could identify important shape factors to be used in the model; it can also detect
agglomeration levels. That said, the model can be reasonably predictive, in its current
state, if it is primed with experiments run with the PSD that will be used in the system of
interest and under pH conditions far from the gel layer’s PZC. Finally, evidence was
found that supports the notion that the grinding action is due to attrition, not impact and
can be accounted for by changing a single parameter, the effective diffusivity. The
development and use of the model has provided invaluable insight and information into
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how serpentine behaves in strong acids. Future work should include further study of
particle shape effects, agglomeration effects, and sequestration system development.
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The code written here was developed for MatLab 6.5. It is copied directly from
the *.m file that created the data for the figures.
A=1.487E+16;
Ea=60000; %J/mol
Demult=.4E-15; %m^2/s/k
SmalPart=.68e-6/2; %meters
LargePart=150e-6/2; %meters
shapefactor=1;
pzc=9; % The point of zero charge for the surface of interest
deltapk=.3; % The separation in the 2pk model
FRACT=.05;
Temp=50; %C
InitialBAC=1.012; %molarity
T=Temp+273.15; %K Temperature
MolesMg=.874; %moles of MG relative to 1L of solution
alpha=2; % the surface reaction order
ew=7.403050E-04*Temp^2-3.957267E-01*Temp+8.781600E+01; % The dielectric
constant of water
dx=.075*10^-9; %m the thickness of the Electrostatic Diffusion Layer
(EDL)

ktvar=A*exp(-Ea/(8.314472*(T)));
Devar=Demult*(T);
data=dlmread('080811data.txt');
% This part of the program develops the bulk solution chemistry related
to
% the titration of the acid with solid base
Titration=2; %Titration=1 for sulfuric acid and 2 for nitric acid
if Titration==1
pka1=-3.00;
pka2=1.99;
pkb=12;
pKw=14;
Fa=InitialBAC; %mol/L the concentration of the acid
Fb=33; %mol/L
Va=1; %L
DHfsH2SO4aq=-8.156582480E+05; %J/mol
DHfsHSO4aq=-8.891000000E+05; %J/mol
DHfsSO4aq=-9.096016000E+05; %J/mol
CpsH2SO4aq=-279.9000186; %J/mol/C
CpsHSO4aq=22.17520000; %J/mol/C
CpsSO4aq=-269.3660037; %J/mol/C
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DHrs1=DHfsSO4aq-DHfsHSO4aq; %J/mol
DHrs2=DHfsHSO4aq-DHfsH2SO4aq; %J/mol
Cprs1=CpsSO4aq-CpsHSO4aq; %J/mol/C
Cprs2=CpsHSO4aq-CpsH2SO4aq; %J/mol/C
Tref=298;
R=8.314;
Ka1s=10^-pka1;
Ka2s=10^-pka2;
Ka1=exp(log(Ka1s)-DHrs1/R*(1/T-1/Tref)+Cprs1*(log(1/T)log(1/Tref))-Cprs1*(Tref/T-1));
Ka2=exp(log(Ka2s)-DHrs2/R*(1/T-1/Tref)+Cprs2*(log(1/T)log(1/Tref))-Cprs2*(Tref/T-1));
Kb=10^-(pKw-pkb);
Kw=10^-pKw;
ph=-1:.01:pkb;
Ch=10.^-ph;
alphaA=Ka1*Ka2./(Ch.^2+Ch.*Ka1+Ka1*Ka2);
alphaHA=Ka1.*Ch./(Ch.^2+Ch.*Ka1+Ka1*Ka2);
alphaBH=Kb.*Ch./(Kw+Kb.*Ch);
Mb=((2*alphaA*Fa*Va+alphaHA*Fa*Va+Kw*Va./Ch-Ch*Va)./(Ch+alphaBH*FbKw./Ch))*Fb;
MolesBase=0:.001:2;
AcidConc=interp1(Mb,Ch,MolesBase,'cubic');
save('SolutionChem','MolesBase','AcidConc');
elseif Titration==2
pka1=-1.4;
pkb=12;
pKw=14;
Fa=InitialBAC; %mol/L the concentration of the acid
Fb=33; %mol/L
Va=1; %L
%acid dissosiation constant data found
document
%by NETL by Nichols and Taylor
%Ln(KD,HNO3) = -1.56132 + 1325.9097/T
Knitric=exp(-1.56132+1325.9097/T);
Kb=10^-(pKw-pkb);
Kw=10^-pKw;
ph=-1:.01:pkb;
Ch=10.^-ph;
alphaA=Knitric./(Ch+Knitric);
alphaBH=Kb.*Ch./(Kw+Kb.*Ch);

in
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Mb=((alphaA*Fa*Va+Kw*Va./Ch-Ch*Va)./(Ch+alphaBH*Fb-Kw./Ch))*Fb;
MolesBase=0:.001:2;
AcidConc=interp1(Mb,Ch,MolesBase,'cubic');
save('SolutionChem','MolesBase','AcidConc');
end
%This part of the program calculates a 3D matrix who's axis are bulk
%concentration x external particle size x internal core size
%This program calculates the surface specific reaction rate using the
%shrinking core model with no reaction allowed in the pores, negligable
%external diffusion, constant capacitance EDL, and the 2pk model
kt=ktvar; % the thermal rate constant
De=Devar; % the diffusivity of the diffusion layer
Nspernm=1.5; % The number of sites per nanometer
PSmethod=4;
%constants
Na=6.0221415E23; %1/mol Avagadro's number
R=8.314472; %J/mol/K The gas constant
charge=4.35516716E-19; %c/electron The charge on an electron
F=96485.3415; %s*A/mol Faradays constant
eo=8.854187817E-12; %N/A^2 The permiability of free space
%Initial Calculations
k1=10^-(pzc-deltapk); % mol/L K1 of the surface reaciton model
k2=10^-(pzc+deltapk); % mol/L K2 of the surface reaction model
C=eo*ew/dx; %C/V/m^2 The capacitance of the EDL
Nsprime=Nspernm/(1e-9)^2/Na; %mols sites/m^2
the moles of sites per
square meter
%generating bulk acid concentration functions
Chblow=0.000000000000001;
Chbhigh=1.05*InitialBAC;
Chbnummax=20;
deltaChb=(Chbhigh-Chblow)/Chbnummax;
Rstore=[];
Rostore=[];
BigRateStore=[];
RateStore=[];

if PSmethod==1;
psnummax=100;
pslow=.0000001;
pshigh=.000250;
psend=psnummax+1;
weight=.18;
b=psnummax*weight;
A=(pshigh-pslow)*(b*(psnummax+b)/psnummax);
elseif PSmethod==2
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PSD=dlmread('psd.txt');
Ropsd=PSD(1:end,1)/1e6/2;
[psend junky]=size(Ropsd);
elseif PSmethod==3
mixprop=[.5 .5];
Frac1=[.68e-6/2 150e-6/2];
Frac2=[.68e-6/2 195e-6/2];
FRACTMix=[.05 .04];
Ro2d=[Frac1 Frac2];
psend=length(Ro2d);
else
psend=2;
Ro2d=[SmalPart LargePart];
end
pnum=5000;
% Repeating the calculation of R as a function of Ro at different bulk
acid
% concentrations
for Chbnum=1:Chbnummax+1
Chb=Chblow+deltaChb*(Chbnum-1);
%generating Chs as a log distributed function
Chs=0;
Chslow=1e-10;
Chshigh=Chb*(1.02);
steps=10000;
for n=1:steps
deltapchs=(-log10(Chslow)+log10(Chshigh))/steps;
numchs=deltapchs*(n-1);
Chs(n)=Chslow+10^-(-log10(Chslow)-numchs); %mol/L
end
%calculation of surface charge density, surface potential, rate,
and
%diffusion proton concentration as a function of surface proton
%concentration
sigma=charge.*Na.*Nsprime.*(Chs.^2-k1*k2)./(Chs.^2+k1*Chs+k1*k2);
%c/m^2
xsi=sigma/C; %V
radprime=kt*(Nsprime./(1+k1./Chs+k1*k2./Chs.^2)).^alpha;
Chd=Chs.*exp(F.*xsi/R/T);
%correction for the diffusivity because of unequal counter
diffusion
Chmg=(AcidConc(1)-Chd)/2;
yh=Chd./(Chd+55+Chmg);
DiffCorr=1./(1+yh./3);
%DiffCorr=1;

% calculating the internal core size (R) based on Chs and Ro
for psnum=1:psend
if PSmethod==1
Ro=(pshigh-A.*(psnum-1)./(b.*((psnum-1)+b)))/2;
elseif PSmethod==2
Ro=Ropsd(psnum);
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else
Ro=Ro2d(psnum);
end
R1=Ro./2+(Ro.^2./4-(Chb-Chd).*De.*DiffCorr.*Ro./radprime).^.5;
R2=Ro./2-(Ro.^2./4-(Chb-Chd).*De.*DiffCorr.*Ro./radprime).^.5;
%calculating which parts of R1 and R2 are imaginary
for w=1:steps
if imag(R1(w))==0
break
end
end
for x=1:steps
if R1(steps-x+1)<=Ro
break
end
end
% putting together a storage vector for R that is in descending
% order and contains both parts from Ro to Ro/2 and from Ro/2
to 0
Rcore=[-sort(-R1(w:end-x+1)) R2(w:end-x+1)];
[junky sizeR]=size(Rcore);
rate=[-sort(-radprime(end-sizeR/2+1:end))
sizeR/2+1:end)];
Rstore(psnum,1:pnum+1)=Ro:-Ro/pnum:0;

radprime(end-

RateStore(psnum,1:pnum+1)=interp1(Rcore,rate,Rstore(psnum,1:pnum+1),'*s
pline');
%Ratestore(psnum,1:(steps-w-x+2)*2)=[-sort(-radprime(w:endx+1)) radprime(w:end-x+1)];
if Chbnum==1
Rostore(psnum)=Ro;
RCoreStore=Rstore;
end
end
%storing the data from this itteration
BigRateStore(:,:,Chbnum)=RateStore;
ChbStore(Chbnum)=Chb;
end
save BigStore

% This program calculates the batch profile
D=[];
D=2*Rostore; %m
[junky Dsize]=size(D);
PCTatD=[];
%PSD=dlmread('psd.txt');
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pc=9.18*1000; %mol/m^3 the molar density of the serpentine
phic=.43; % the volume fraction of serpentine that dissolvable
ChbofintStore=[];

%first calculate the PSD
if PSmethod==1
kd1=1e-6; %m
m1=8;
kd2=85e-6;
m2=8;
fs1=0.0425;
Q=fs1*(1-exp(-(D./kd1).^m1))+(1-fs1)*(1-exp(-(D./kd2).^m2));

for PCTatDnum=1:Dsize
if PCTatDnum==1
PCTatD=[PCTatD (1-Q(PCTatDnum))];
elseif PCTatDnum==Dsize
PCTatD=[PCTatD Q(PCTatDnum-1)];
else
PCTatD=[PCTatD (Q(PCTatDnum-1)-Q(PCTatDnum))];
end
end
elseif PSmethod==2
PCTatD=transpose(PSD(1:end,2)/100);
elseif PSmethod==3
PCTatD=[mixprop(1)*FRACTMix(1)
(1-FRACTMix(1))*mixprop(1)
mixprop(2)*FRACTMix(2) (1-FRACTMix(2))*mixprop(2)];
else
PCTatD=[FRACT 1-FRACT];
end
NatD=PCTatD./(4/3*pi*(D/2).^3);
Ntotal=sum(NatD);
PCTNatD=NatD/Ntotal;
RateatChb=[];
TotalDR=0;
RXNTime=0;
Xstore=0;
RXNTimestore=0;
RatRXNTimestore=Rostore;
RXNTimestore=0;
RxnTime=7200;
DTmax=10;
tfactor=.01;
TotalV=4/3*pi*PCTNatD*transpose(((Rostore).^3));
RateatChb=[];
Chbofint=interp1(MolesBase,AcidConc,0);
Chbnumofint=floor(interp1(ChbStore,1:1:length(ChbStore),Chbofint));
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for time=1:1000
if time==1
relR=ones(1,length(D));
end
RateatChb1=(transpose(diag(interp2(1:1/pnum:0,1:1:length(Rostore),squeeze(BigRateStore(:,:,Chbnumofint)),rel
R,transpose(1:1:length(Rostore))))));
RateatChb2=(transpose(diag(interp2(1:1/pnum:0,1:1:length(Rostore),squeeze(BigRateStore(:,:,Chbnumofint+1)),r
elR,transpose(1:1:length(Rostore))))));
RateatChb=interp2(1:1:length(D),[ChbStore(Chbnumofint)
ChbStore(Chbnumofint+1)],[RateatChb1;RateatChb2],1:1:length(D),Chbofint
);
deltaT=DTmax*(1-exp(-tfactor*time));
deltaRCore=-RateatChb./(2*pc*phic*shapefactor)*deltaT;
TotalDR=TotalDR+deltaRCore;
relR=(Rostore+TotalDR)./Rostore;
relR=relR-(relR-abs(relR))/2;
DeltaV=4/3*pi*(Rostore.^3-(Rostore.*relR).^3);
X=PCTNatD*transpose(DeltaV)/TotalV;
RXNTime=RXNTime+deltaT;
Xstore=[Xstore X];
RXNTimestore=[RXNTimestore RXNTime];
RatRXNTimestore(time+1,1:length(TotalDR))=Rostore.*relR;
MBase=X*MolesMg;
ChbofintStore=[ChbofintStore Chbofint];
Chbofint=interp1(MolesBase,AcidConc,MBase);
Chbnumofint=floor(interp1(ChbStore,1:1:length(ChbStore),Chbofint));
if RXNTime >= RxnTime
ChbofintStore=[ChbofintStore Chbofint];
break
end
end
FontSizeLabel=14;
FontSizeTitle=16;
FontSizeAxis=14;
plot(RXNTimestore/60,Xstore)
xlabel('Time (min)','FontSize',FontSizeLabel)
ylabel('Conversion','FontSize',FontSizeLabel)
%title('Concentratioin vs Time \alpha=2','FontSize',FontSizeTitle)
set(gca,'FontSize',FontSizeAxis)
ylim([0 .6])
xlim([0 120])
funct=interp1(RXNTimestore/60,Xstore,data(1:end,1));

error=sum((funct-data(1:end,2)).^2)
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1) Plug in the load cell amplifier, motor control box, DAQ, and power supply and allow
at least one hour for the circuitry to warm up.
2) Top off the water in the circulating bath and allow it to warm up to operating
temperature. Set temp:_______
3) Clean, dry and assemble the reactor according to assembly instructions. Done:
Yes_____ No____
4) While the circuitry is warming up, start the Labview control programs from the Dirk
Thesis Labview project file (motor load control and 5C7388 control). Set the number
of revolutions to sample to 5. Start the load cell reader (starting the data logger,
logging 1 point every 5 seconds). Turn the motor on and off 5 times to 200RPM at
1000 RPM/s and zero the load cell to verify operation. Allow it to sit for the
remainder of the hour without being disturbed. Make sure that there is no
unreasonable drift in the load cell (no more than 1 oz inch in 1 hr). If the load cell
exceeds 1 oz inch but the profile shows an exponential decay to a constant value, this
is acceptable. The decay is likely due to mechanical relaxation or electrical resistance
value changes during warm up. File root name:____________________
5) Remove grinding media from oven if not already done.
6) Inspect, load and prepare 23 filter holders with filters. Tubes and filter holders must
be clean and dry.
7) Inspect the 5 manifolds. Be sure they were cleaned and dried and that the valves are
functioning properly.
8) Attach all filters to manifolds.
9) Put filter drain tubs in place and secure water for filter washing.
10) Take 20 test tubes and label them in ascending order with the prefix DVL. Starting
number:_____________, ending number:_____________. Have spares out and ready
to go should a sample fail.
11) Load the first 5 into the sample holder with the lowest number to the left. Make sure
the manifold and filters are connected properly (tight connections and valves arranged
properly).
12) FOR SAFETY SAKE: Change the tubing both for the circulation pump and the
sample pump for each run!!!!!!! DO NOT risk a tubing explosion.
13) Get the scale from the high bay to mass the charging tube.
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14) Mass out the grinding media according to the experimental schedule. *DO NOT
CHARGE AT THIS POINT* Mass:_________g
15) Prepare the acid according to the experimental schedule. *DO NOT CHARGE AT
THIS POINT* Volume Prepared:______________ Concentration
Prepared:______________.
16) Mass out the serpentine according to experimental schedule and charge to the
aluminum charging tube. *DO NOT CHARGE AT THIS POINT* Amount massed:
_____________ Size fraction: ____________ Mass of tube and serpentine before
charge: _____________ Mass of tube after charge:_____________
17) After the circuitry has warmed up turn the agitator on and off a few times, make sure
the agitator is chucked into the mixer properly and turn the motor on to the set speed
for the experiment. Zero the load cell.
18) Make sure the motor is ON and charge the beads to the reactor.
19) Using a 1L graduated cylinder, measure out the acid and charge to the reactor.
Ammount charged:___________.
20) Charge the acid to the reactor and start the circulator according to the experimental
schedule. Circulator pump value (flow rate (L/min)=0.08*percent
setting):_____________ Volume of acid dispensed: ___________
21) Set the temperature in the 5C7388 control and activate. Allow the reactor to warm
up. Write to file name:___________________
22) After it reaches temp, start the agitator and the circulation pump. Set the circulation
pump rate according to the experimental schedule.
23) Start the data recorder in the 5C7388 control program.
24) Hit the “Start Reaction” button and immediately charge the serpentine to the reactor.
The charge should be a smooth, medium paced rise in the charging tube, to ensure
that there is no clogging in the tube. After charging, hit the tube with something
repeatedly to empty as much as possible into the reactor.
25) Follow the sample schedule and do the procedure as follows:
a. When the sample schedule shows time to sample by flashing a read light, hit
the sample button. It will remain depressed during sampling. The indicator
light will change from flashing red to flashing yellow and the sample plump
will slow down.
b. Wasting no time, turn the manifold so that fluid is directed into the
appropriate sample tube.
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c. Collect about 1ml of sample.
d. Turn the manifold back to its original position and immediately hit the sample
button again.
e. When the manifold is used up, it must be changed:
i. Turn the sample pump off in Labview.
ii. Clamp the outbound line.
iii. Turn the two outer valves to off facing inlet and outlet.
iv. Disconnect the sample inlet and outlet
v. Move the manifold with filters attached to the water pump and
connect. If there is already a manifold on the water move it to the air
pump
vi. Turn all valves to allow water to flow through filters
vii. Cap samples and move to storage rack.
viii. Place new samples in sample holder and connect a new manifold.

f. Repeat as necessary
26) Hit the stop button in the motor load control program
27) Turn off the power in the 5C7288 control program
28) Stop the data log in the 5C7388 and hit the stop button in the program
29) Remove the thermocouple from the reactor.
30) Unplug the load cell amplifier and the DC power supply
31) Wash the reactor 3 times with tap water. Using the agitator each time
32) Unplug the motor control unit.
33) Collect grinding media in sieve and wash thoroughly.
34) Let beads drip dry for 20 min and place in drying oven.
35) Disassemble and clean the reactor.
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36) Clean the filter units using the utrlasonicator, soap, etc. Make sure to wash with DI
water as last step.
37) Set the filters out disassembled to dry over night.
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PROCESS AND APPARATUS FOR THE SEQUESTRATION
AND CAPTURE OF CARBON DIOXIDE UTILIZING
WASTE HEAT FROM EFFLUENT STREAMS

BACKGROUND OF THE INVENTION
1.

Field of the Invention
The present invention relates to a process and apparatus for the

[0001]

sequestration and capture of carbon dioxide utilizing waste heat from effluent streams, e.g.,
effluent streams from a process burning fossil fuels.
2.
[0002]

Discussion of the Technical Problem and Presently Available Technology
Fossil fuels have been a major source of energy in the United States for

over a century. However, environmental standards regarding emissions of pollutants, e.g.,
greenhouse gases, especially carbon dioxide emissions from burning fossil fuels, into the
air are becoming more stringent and, as a result, the processes and the equipment, e.g.,
furnaces, using fossil fuels are undergoing significant changes in order to accommodate
these stricter standards. More particularly, the present management of carbon dioxide
emissions, e.g., reduction of carbon dioxide emissions into the atmosphere, include (1)
increasing the efficiency of energy conversion; (2) using a low-carbon or carbon-free
energy source; and (3) capturing and sequestering carbon dioxide emissions.

It is

generally accepted that the first two alternatives provide only incremental improvements
and, therefore technically sound, cost-effective carbon sequestration processes and
apparatuses are needed to approach zero transmission.
[0003]

United States Patent Application Publication Number US 2005/0002847A1

(hereinafter also referred to as USPAP 2005/2847) discloses a process for sequestering
carbon dioxide, which includes reacting a silicate-based material with an acid to form a
suspension; combining the suspension with carbon dioxide to provide active carbonation of
silicate–based material; producing a metal salt and silica; and regenerating the acid in the
liquid phase of the suspension.

Although the process for sequestering carbon dioxide

disclosed in USPAP 2005/2847 is acceptable, it is appreciated by those skilled in the art
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that it would be advantageous to provide a technically sound, cost-effective apparatus to
practice and to improve the process for sequestering carbon dioxide disclosed in USPAP
2005/2847.
SUMMARY OF THE INVENTION
[0004]

This invention relates to an apparatus for sequestering carbon dioxide,

including a system for dissolving a mineral having a metal with an acid to provide a
solution, having a predetermined pH; a feeder to add a base and carbon dioxide to the
solution wherein the addition of the base and the carbon dioxide to the solution provides a
metal carbonate reaction to precipitate a metal carbonate from the solution; an ammoniumbased refrigeration process; at least one parent process generating a heated effluent and
carbon dioxide and a connection between the parent process, the refrigeration process, and
the feeder wherein heated effluent from the parent process fuels the ammonium-based
refrigeration process, and the carbon dioxide is supplied to the feeder.
[0005]

In another non-limiting embodiment of the invention, the apparatus includes

a precipitated salt production process. A connection between the parent process, the
precipitated salt production process, and the feeder is provided, wherein heated effluent
from the parent process fuels the precipitated salt production process, and the carbon
dioxide is supplied to the feeder.
[0006]

The invention further relates to a method of sequestering carbon dioxide.

The method includes the steps of dissolving a mineral having a metal with an acid to
provide a solution having a predetermined pH; adding a base and carbon dioxide to the
solution to provide a metal carbonate reaction to precipitate a metal carbonate from the
solution; providing an ammonium-based refrigeration process, and using heated effluent
from a parent process to fuel the ammonium-based refrigeration process, and supply
carbon dioxide to the metal carbonation reaction.
[0007]

In another non-limiting embodiment of the invention, the method includes

providing a precipitated salt production process, and using heated effluent from a parent
process to fuel the salt production process, and supply carbon dioxide to the metal
carbonation reaction.
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BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 is a schematic of a non-limiting embodiment of a process for

[0008]

sequestration carbon dioxide; and
Fig. 2 is a schematic of another non-limiting embodiment of a process for

[0009]

sequestration carbon dioxide.
DETAILED DISCUSSION OF THE INVENTION
[0010]

As used herein, spatial or directional terms, such as “inner”, “outer”, “left”,

“right”, “up”, “down”, “horizontal”, “vertical”, and the like, relate to the invention as it is
shown in the drawing figures. However, it is to be understood that the invention can
assume various alternative orientations and, accordingly, such terms are not to be
considered as limiting.

Further, all numbers expressing dimensions, physical

characteristics, and so forth, used in the specification and claims are to be understood as
being modified in all instances by the term “about”. Accordingly, unless indicated to the
contrary, the numerical values set forth in the following specification and claims can vary
depending upon the desired properties sought to be obtained by the present invention. At
the very least, and not as an attempt to limit the application of the doctrine of equivalents
to the scope of the claims, each numerical parameter should at least be construed in light of
the number of reported significant digits and by applying ordinary rounding techniques.
Moreover, all ranges disclosed herein are to be understood to encompass any and all
subranges subsumed therein.

For example, a stated range of “1 to 10” should be

considered to include any and all subranges between (and inclusive of) the minimum value
of 1 and the maximum value of 10; that is, all subranges beginning with a minimum value
of 1 or more and ending with a maximum value of 10 or less, e.g., 1 to 6.7, or 3.2 to 8.1, or
5.5 to 10.
[0011]

Before discussing non-limiting embodiments of the invention to sequester

carbon dioxide from an effluent stream of a chemical or physical process that generates
carbon dioxide, e.g. but not limiting to the invention, fossil fuel combustion, fossil fuel
reformation, and chemical synthetic processes, it is understood that the invention is not
limited in its application to the details of the particular non-limiting embodiments of the
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invention shown and discussed herein since the invention is capable of other embodiments.
For example and not limiting to the invention, the apparatus can be used to separate gases
other than carbon dioxide, and/or to separate particles, from an effluent stream(s). Further,
the terminology used herein to discuss the invention is for the purpose of description and is
not of limitation. Still further, unless indicated otherwise in the following discussion, like
numbers refer to like elements.
[0012]

In the following discussion, the non-limiting embodiments of the invention

are discussed using a process similar to the process discussed in USPAP 2005/2847. A
copy of USPAP 2005/2847 is attached hereto as Exhibit A and is made a part of this
application.
[0013]

Shown in Fig. 1 is a non-limiting embodiment of an apparatus 20

incorporating features of the invention to sequester and capture carbon dioxide from
effluent streams from a parent process 22, e.g., a furnace, a reformer, and/or a chemical
synthetic process, and utilizing heat from the effluent stream of the parent process 22 in the
sequestration and capture of the carbon dioxide. As is appreciated by those skilled in the
art, the invention is not limited to the temperature of the effluent stream low temperature
waste heat. In one non-limiting embodiment of the invention, the temperature is in the
range of about 100° C to 500° C.
[0014]

The apparatus 20, for ease of discussion and not limiting to the invention,

includes three zones 24, 25, and 26. The first zone 24, in one non-limiting embodiment of
the invention, includes a reactor 28 connected by outlet conduit 30 and by return conduit
32 to a hydro-cyclone 34, and connected to conduit 35 to move regenerated acid into the
reactor 28; the hydro-cyclone 34 is connected by conduits 36 and 38 to filters 40 and 42,
respectively; the filters 40 and 42 are connected to a first heat exchanger 44 by conduit 46,
and a heat exchanger 44 is connected by conduit 52 to crystallizer 54 of the second zone
25.
[0015]

In one non-limiting embodiment of the invention, particles that contain

elements that can form carbonates, e.g., ultramafic minerals such as serpentine and olivine,
and/or any material containing magnesium, calcium, ferric and ferrous iron, aluminum,
zinc, and manganese, are fed into the reactor 28 in any convenient manner and dissolved or
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broken down, e.g., digested, in the reactor 28 by strong acids, such as but not limited to
sulfuric acid, hydrochloric acid, or nitric acid, to free the elements, e.g., magnesium,
calcium, ferric and ferrous iron, aluminum, zinc, and manganese, from the starting
mineral/compounds. The acid is supplied to the reactor 28 from both an external supply 55
or from the zone 26 along the conduit 35. The reactor 28 includes a fluidized bed in which
an air sparging system is used to provide energy for attrition grinding. Although attrition
grinding is not necessary to digest the minerals, it serves to enhance the kinetics of the
digestion, thereby improving the performance of the process. More particularly, the
grinding of the mineral particles during the digestion serves to refresh the particle surface
and/or reduce particle size, such that diffusion or dissolved layers do not develop and slow
the kinetics of the digestion. Portions of solution in the reactor having the grinding
medium and the particles being digested is moved through the outlet conduit 30 to the
hydro-cyclone 34.

The hydro-cyclone 34 separates the grinding medium and large

particles, e.g., in one non-limiting embodiment of the invention, particles equal to and
greater than 10 microns from smaller particles or fines, e.g., in one non-limiting
embodiment of the invention, less than 10 microns. The solution having the grinding
medium and large particles is returned to the reactor 28 by the return conduit 32, and the
solution having the smaller particles is moved through the conduits 36 and 38 to the filters
40 and 42. The filters 40 and 42 remove the small particles or fines from the solution, and
the filtered solution is forwarded through a conduit 46 to the heat exchanger 44. The
particles are indigestible material, e.g. silica from a starting mineral silicate.
[0016]

As can be appreciated, the invention is not limited to the type or number of

filters to remove particles from the solution. In one non-limiting embodiment of the
invention, the filters 40 and 42 are press filters of the type used in the art to remove fine
particles from a solution. As the collected fines or particles are removed from one filter,
e.g., the filter 40, the other filter, e.g., the filter 42, is removing fines or particles from the
solution. The collected fines can be purified and/or sold. In one non-limiting embodiment
of the invention, serpentine is the starting material and the fines from the filters 40 and 42
are pure or nearly pure silica.
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[0017]

The filtered solution moves through the heat exchanger 44 to reduce the

temperature of the filtered solution to enhance crystallization of metals dissolved in the
filtered solution.

In one non-limiting embodiment of the invention, the temperature

upstream of the heat exchange 44 is in the range of 80° C to 110° C and the temperature
downstream of the heat exchanger 44 is in the range of 25° C to 45° C. The reactor is
operated at elevated temperatures to increase the digestion kinetics. As can be appreciated
the heat exchanger 44 can be located between the hydro-cyclone 34 and the filters 40 and
42.
[0018]

Reference can be made to Exhibit A for a detailed discussion of the

chemical formulas and the thermodynamics relating to the chemical activity occurring in
the first zone 24 of the apparatus 20.
[0019]

The second zone 25 includes the first crystallizer 54 connected to the heat

exchanger 44 of the first zone 24 by the conduit 52, connected to second hydro-cyclone 58
by outlet conduit 60 and return conduit 62, and connected by conduit 66 to a second heat
exchanger 67, which is connected to mixing tank 68 by conduit 69; the second hydrocyclone 58 is connected to a rotary filter 70 by conduit 72 and the rotary filter 70
connected to a second crystallizer 74 by conduit 76; the second crystallizer 76 connected to
a third hydro-cyclone 78 by outlet conduit 80 and return conduit 82, connected to a boiler
84 of the third zone 26 by conduit 86, and connected to the heat exchanger 67 by conduit
87; the third hydro-cyclone 78 connected to a second rotary filter 88 by conduit 90, and the
second rotary filter 88 connected to a first regeneration tank 92 of the third zone 26 of the
apparatus 20 by conduit 94.
[0020]

In general, the second zone 25 of the apparatus 20 is a pH swing system,

i.e., changes the filtered solution from the heat exchanger 44 from a pH of less than 3 to a
pH greater than 8 in a series of steps. More particularly, the acidic filtered solution from
the heat exchanger 44 moves into the first crystallizer 54 through the conduit 52, and the
solution in the crystallizer 54 changed from a pH below 3 to a pH in the range of 5-8 and,
preferably, about 7, by the controlled addition of a base moving from the mixing tank 68
through the heat exchanger 67 into the crystallizer 54 through the conduit 66. In one nonlimiting embodiment of the invention, the basic solution is ammonium hydroxide. At a pH
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of about 7, the transition metal oxides in the filtered solution will precipitate out of the
solution. The solution from the first crystallizer 54 is moved through the conduit 60 to the
second hydro-cyclone 58, where the solution having large particles is sent to the rotary
filter 70 and, optionally, the solution having the smaller particles is returned by the conduit
62 to the first crystallizer 54 to ensure that there is solid available for seeding. The rotary
filter 70 separates the particles from the solution and forwards the solution to the second
crystallizer 74 through the conduit 76.

The particles of transition metal oxides are

removed from the rotary filter 70. In one non-limiting embodiment of the invention, the
transition metal oxides are iron oxides that are impurities in the serpentine mineral ore.
The particles removed from the first rotary filter 70 are generally pure, however, in the
instance where a purer grade is needed, the particles can be purified in any convenient
manner.
[0021]

The pH of the filtered solution in the crystallizer 74 is raised to a pH in the

range of 8-10, e.g., about 9, with the addition of ammonium hydroxide from the mixing
tank 68 through the heat exchanger 67 and through the conduit 87. The effluent stream
from the boiler 84 is moved into the second crystallizer 74 through the conduit 86. As is
known in the art, carbon dioxide readily dissolves at intermediate to high pH values
without the need for high pressures, e.g., pressures above 1 atmosphere. In addition,
mineral carbonates are insoluble at pH values above 7. These factors combine to yield a
system in which mineral carbonate precipitates at a rate which is controlled by the
induction of carbon dioxide into the mineral rich solution in the second crystallizer 74.
Moderate pressures, e.g., between 1-3 atmospheres, can be used to increase this rate,
however, it is not necessary for the overall conversion as the minerals can be recycled to
the reactor 28 in the first zone 24 in a manner discussed below.
[0022]

The solution from the second crystallizer 74 is moved through the conduit

80 to the third hydro-cyclone 78, where the solution having large particles of earth and/or
rare earth metal carbonate, e.g., magnesium carbonate when serpentine or olivine minerals
are used, is sent to the second rotary filter 88, and, optionally, the solution having the
smaller particles is returned by the conduit 82 to the second crystallizer 74 to ensure there
is solid available for seeding. The earth and/or rare earth metal carbonates are filtered
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from the solution by the rotary filter 88, and the filtered solution sent through the conduit
94 to the regeneration tank 92. The particles removed from the second rotary filter 88 are
generally pure, however, in the instance where a purer grade is needed, the particles can be
purified in any convenient manner.
[0023]

The invention is not limited to the components of the second zone discussed

above and any crystallization system known in the art, preferably crystallization systems
that separate relatively pure compounds from a solution can be used in the practice of the
invention.
[0024]

The third zone 26 of the apparatus 20 is a reagent recovery system and/or an

ammonium-based refrigeration system. In one non-limiting embodiment of the invention,
the third zone 26 includes the first regeneration tank 92 connected to the second rotary
filter 88 by the conduit 94. The first regeneration tank 92 is connected to a second
regeneration tank 95 by conduit 96 and is also connected to distillation tower 98 by conduit
100; the distillation tower 98 is connected to the second regeneration tank 95 by conduit
102, to the mixing tank 68 by conduit 104 and to the boiler 84 by conduit 106, and the
boiler 84 is connected to the waste gas output of the parent process 22 by conduit 108, and
to the reactor 28 of the first zone 24 by the conduit 35. As is appreciated by those skilled
in the art, the boiler 84 can be part of the tower 98 or separated from the tower and
connected by a conduit, e.g., the conduit 106, for moving liquid to the boiler, vaporizing
the liquid in the boiler, and moving the vapor to the distillation tower 98.
[0025]

In one non-limiting embodiment of the invention, ammonium hydroxide is

used as the base introduced into the crystallizers 54 and 74, and the solution from the
second rotary filter 88 is loaded with ammonium. The first and second regeneration tanks
92 and 95, the distillation tower 98, the mixing tank 68, and the boiler 84 provide an
ammonia refrigeration system that sends ammonium hydroxide to the crystallizers 54 and
74 and sulfuric acid to the reactor 28. More particularly, the solution from the second
rotary filter 88 is moved through the conduit 94 into the regeneration tank 92. Because of
a high concentration of ammonium in the solution in the first regeneration tank 92 and a
low concentration of ammonium in the second regeneration tank 95, a high partial pressure
of ammonia exists in the vapor region of the tank 92 and a low partial pressure of ammonia

190

exists in the vapor region of the tank 95 moving ammonia from the tank 92 through the
conduit 96 to the tank 95. This movement of the ammonia provides refrigeration, which
can be used in the process or other processes.

The concentration differences of the

ammonium in the tanks 92 and 95 are maintained by the distillation of water and ammonia
in the distillation tower 98, e.g. by forwarding water from the distillation tower 98 to the
second regeneration tank 95 through the conduit 102. The feed for the distillation column
98 is the solution having a high ammonium concentration from the regeneration tank 92
through conduit 100. Weak ammonium hydroxide moves from the second regeneration
tank 95 through the conduit 110 to the mixing tank 68 where it is mixed with ammonia
vapor moving through the conduit 104 into the mixing tank 68 from the distillation tower
98 to provide a strong ammonium hydroxide solution, which is forwarded to the
crystallizers 54 and 74 through the conduits 66 and 87, respectively, as discussed above.
[0026]

In one non-limiting embodiment of the invention, the energy for the

distillation of the ammonia and water in the distillation tower 98 is provided by the boiler
84. The heat to operate the boiler 84 is supplied by the heat from the effluent stream of the
parent process moving through the conduit 108. In those instances, when the carbon
dioxide in the effluent from the parent process is more than is needed to the steady state
process, the cooled excess effluent is moved through the conduit 118 to the atmosphere or
another process. Further, the invention contemplates adding heat to the system from a
source other than the effluent stream from the parent process to sequester additional
amounts, e.g., up to 100%, of carbon dioxide from the effluent stream.
[0027]

As is appreciated, the invention is not limited to the system or process

discussed above for the regeneration of the ammonium hydroxide and sulfuric acid, and
any system or process to regenerate ammonium hydroxide can be used in the practice of
the invention, e.g., ion exchange columns and ion exchange membranes.
[0028]

In another non-limiting embodiment of the invention, a purge stream from

the boiler 84 through conduit 112 is combined with a purge stream through conduit 114
from the tower 98 to make ammonium-based fertilizer.
[0029]

Shown in Fig. 2 is another non-limiting embodiment of the invention

identified by the number 130. The apparatus 130 includes first, second, and third zones
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133, 134, and 135, respectively. The zones 133 and 134 are similar to the zones 24 and 25,
with the differences discussed below.
[0030]

The third zone 135 is a precipitated salt production process and includes but

is not limited to a flash tank 138 connected to the second rotary filter 88 by the conduit 94,
to the second crystallizer 74 by conduit 140; to a third rotary filter 142 through conduits
144 and 146; to the boiler 84 by the conduits 144 and 148; the boiler 84 connected to the
third rotary filter 142 by the conduits 146 and 148, to the parent process 22 by the conduit
108, to the second crystallizer 74 by the conduit 86, to the atmosphere or other process(es)
by the conduit 118, to a collector of steam 152 by conduit 154 to use as needed, to an
aqueous ammonium purge 156, to a cooler 158 by conduit 160; the cooler 158 is connected
to a third crystallizer 162 by conduit 164; the third crystallizer 162 is connected to a fourth
hydro-cyclone 166 by outlet conduit 168 and inlet conduit 170; the hydro-cyclone 166 is
connected to the third rotary filter 142 by conduit 169.
[0031]

In one non-limiting embodiment of the invention, an ammonium source

171, preferably but not limited to anhydrous ammonia, is fed to the first and second
crystallizers 54 and 74 through the conduits 66 and 87 to raise the pH of the solution in the
first and second crystallizers 54 and 74. The solution from the second rotary filter 88
moves through the conduit 94 to the flash tank 138. Excess ammonia and carbon dioxide
in the solution is removed and sent to the second crystallizer 74 through the conduit 140,
and the solution sent to the boiler 84 through the conduits 144 and 148. Removing the
excess ammonia and carbon dioxide from the solution and sending them back to the
second crystallizer 74 can improve the yield of carbonated metal.
[0032]

The boiler 84 in this embodiment of the invention functions to, among other

things, concentrate the ammonium salt solution by removing water as steam.

The

concentrated solution is moved through the conduit 160 to the cooler 158. The solution is
cooled to a temperature where the solution is thermodynamically suitable to precipitate
ammonium salts, and the cooled solution moved through the conduit 164 into the third
crystallizer 162. The operation of the third crystallizer 162, the fourth hydro-cyclone 166,
and the third rotary filter 142 is similar to the operation of the second crystallizer 74, third
hydro-cyclone 78, and the second rotary filter 88. The solids removed from the solution of
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the third crystallizer 162 by the rotary filter 142 includes ammonium-based fertilizer, e.g.,
ammonium sulfate, ammonium nitrate, ammonium chlorate depending on the acid used in
the digestion system.
[0033]

In another non-limiting embodiment of the invention, a liquid ammonium-

based fertilizer is removed as a purge stream 156.
[0034]

As is appreciated, the invention is not limited to the piping arrangement and

any pipe arrangement can be used to practice the invention. Further, the purge streams and
vents can be located at any point within the system or on components, e.g., and not
limiting to the invention, the crystallizers to allow for gas(es) inert to the chemical
reactions to be released. Still further, process steam generated by the system can be used
to operate the components of the apparatus 20 and 130 or to operate other systems.
[0035]

Based on the description of the embodiments of the invention, it can be

appreciated that this invention is not limited to the particular embodiments disclosed but it
is intended to cover modifications that are within the spirit and scope of the invention.

193

[0036]

What is claimed is:
1.

An apparatus for sequestering carbon dioxide, comprising:

a system for dissolving a mineral having a metal with an acid to provide a
solution having a predetermined pH; a feeder to add a base and carbon
dioxide to the solution, wherein the addition of the base and the carbon
dioxide to the solution provides a metal carbonate reaction to precipitate a
metal carbonate from the solution; an ammonium-based refrigeration
process; at least one parent process generating a heated effluent and carbon
dioxide; and a connection between the parent process, the refrigeration
process, and the feeder, wherein heated effluent from the parent process
fuels the ammonium-based refrigeration process and the carbon dioxide is
supplied to the feeder.
2.

An apparatus for sequestering carbon dioxide, comprising:

a system for dissolving a mineral having a metal with an acid to provide a
solution having a predetermined pH; a feeder to add a base and carbon
dioxide to the solution, wherein the addition of the base and the carbon
dioxide to the solution provides a metal carbonate reaction to precipitate a
metal carbonate from the solution; a precipitated salt production process;
at least one parent process generating a heated effluent and carbon dioxide;
and a connection between the parent process, the precipitated salt
production process, and the feeder, wherein heated effluent from the parent
process fuels the precipitated salt production

process and the carbon

dioxide is supplied to the feeder.
3.

A method of sequestering carbon dioxide, comprising the steps of:

dissolving a mineral having a metal with an acid to provide a solution
having a predetermined pH; adding a base and carbon dioxide to the
solution to provide a metal carbonate reaction to precipitate a metal
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carbonate from the solution; providing an ammonium-based refrigeration
process; and using heated effluent from a parent process to fuel the
ammonium-based refrigeration process and supply carbon dioxide to the
metal carbonation reaction.
4.

A method of sequestering carbon dioxide, comprising the steps of:

dissolving a mineral having a metal with an acid to provide a solution
having a predetermined pH; adding a base and carbon dioxide to the
solution to provide a metal carbonate reaction to precipitate a metal
carbonate from the solution; providing a precipitated salt production
process; and using heated effluent from a parent process to fuel the salt
production process and supply carbon dioxide to the metal carbonation
reaction.
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PROCESS AND APPARATUS FOR THE SEQUESTRATION
AND CAPTURE OF CARBON DIOXIDE UTILIZING
WASTE HEAT FROM EFFLUENT STREAMS
ABSTRACT OF THE INVENTION

Carbon dioxide is sequestered from a heated effluent from a parent process.
In one non-limiting embodiment of the invention, a mineral having a metal is dissolved
with an acid to provide a solution having a predetermined pH. Carbon dioxide from the
effluent and a base are added to the solution to provide a metal carbonate reaction to
precipitate a metal carbonate, e.g., magnesium carbonate, from the solution. The heat from
the effluent is used to fuel an ammonium-based refrigeration process. In another nonlimiting embodiment of the invention, the fuel from the heated effluent is used to fuel a
precipitated salt production process.
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