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DISPOSAL OF CARBONDIOXIDE IN MINERAL FORM

Rajendra U. Vaidya, Darrin E. Byler, and David E. Gallegos

Los Alamos National Laboratory, Los Alamos, NM 87545, USA.

ABSTRACT

     Progress in developing methods of disposing carbondioxide in a safe and stable
manners are discussed here. We are focussing on the use of mineral sepentenites as the
starting materials for CO2 absorption.  There are several advantages to our proposed
method of permanent CO2 disposal.  The disposal waste products are safe and
thermodynamically stable, and are common in nature.  They are known to be
environmentally benign and non-hazardous.   The disposal does not pose any legacy
problems for future generations, and does not require monitoring (unlike underground
injection disposal methods).  By confining waste disposal to a mining site, we minimize
the environmental impact.  Our solution is permanent and complete.  The availability of
this technology guarantees the continued use of fossil fuels as an energy source for
centuries to come.  The most important advantage of our proposed disposal method is its
low cost as compared to other techniques.  Preliminary experiments and analysis have
indicated that we would be able to realize a cost of $15US/tonne of CO2.

1. INTRODUCTION
     Economical and abundant energy sources such as fossil fuels have become entrenched
as the backbone of industrialized nations.  Unfortunately, combustion of these materials
is detrimental to the environment and the surrounding ecosystems.  Combustion of fossil
fuels results in the emission of carbon dioxide (CO2), which has been identified as a
greenhouse gas.  Emission of greenhouse gases into the environment has been linked to
the break down of the ozone layer and global warming.   The concentration of CO2 in the
atmosphere has seen a steady increase over the years, Figure 1.

                          

          Figure 1.  Change in the CO2 concentration in the atmosphere over time.



     Various alternatives to fossil fuels have been proposed as energy sources, but they all
fall short when examined from an economic standpoint.  Some of the alternative energy
sources include geothermal, solar, nuclear, and biomass to name a few.  Each of these
energy sources could be used in certain geographical areas in which they are feasible to
help reduce the dependence on fossil fuels.  However, these alternate energy sources
cannot be considered as replacements for fossil fuels.  The one sure way to reduce global
warming is permanent sequestration of CO2.
     A number of methods have been proposed as possible routes to sequestering the
emissions of CO2 from power plants.  Included in these methods are biological, oceanic,
chemical, and geological sequestration by underground injection .  Each of these methods
has its appeal, although some aspects of each of the techniques are difficult to implement
given current technologies and attitudes toward additional costs of the energy.  The
proposed method of CO2 sequestration, on which this study is based is through an
advanced chemical process that closely resemble geologic processes that form stable
carbonate materials over long time periods.  The chemical process will use high pressures
and moderate temperature to increase the kinetics of the reaction and overcome the rate-
limiting step in the carbonation of minerals to emulate rock weathering in nature.  These
carbonates are chemically stable on a geologic time scale.

2. OUTLINE OF THE PROPOSED SEQUESTRATION PROCESS
     Mineral carbonates are nature�s CO2 sinks.  It is estimated that a total of 150,000,000
Gt. of CO2 is stored there.  This compares to about 40,000 Gt of CO2 that would be
released by burning all the world�s conventional fossil fuel.  A family of magnesium
silicates (serpentinites) may hold the answer to the sequestration needs. These
magnesium-bearing minerals constitute the most abundant and technological source of
MgO, which is the starting material in the carbonation process.  Large deposits of
serpentenites are located globally (Figure 2), and these deposits have a large MgO
content (35-45 wt. %) necessary for the carbonation (and CO2 binding process).  The
carbonation process involved in binding the CO2 is a simple process and is part of the
natural carbon cycle (albeit at a slow rate).  The carbonation process is exothermic and
the CO2 is sequestered permanently in a stable form.  Most of our research to date has
focused on developing processes relying on serpentenites, which in the purest form has
the composition 3MgO.2SiO2.2H20, and contains 43.6 weight percent MgO.

               Figure 2. Location of major serpentenite deposits around the world.



     The direct carbonation of serpentinite is relatively slow.  Although the carbonate is the
lowest energy state in the cycle, and hence thermodynamically favored (Figure 3), the
carbonation reactions are controlled by the kinetics of the process.  In order to
economically bind the CO2 to the host substrate, the reaction kinetics has to be
accelerated. The net carbonation reaction for serpentine can be written as

Mg3Si2O5(OH)4(s) + 3CO2(g) = 3MgCO3(s) + 2SiO2 + 2H2O(l)

heat/mol CO2 = -63.6kJ (Exothermic)

Figure 3.  The carbonate material has the lowest energy state and is the
thermodynamically favored state.

3.  EXPERIMENTAL
     The carbonation experiments were performed using two kinds of autoclave systems.
Controlled batch experiments were performed in two Autoclave Engineers@ systems,
electronically controlled and rated at a maximum pressure of 15,000 psi and maximum
temperature of 650 oC.  These systems were externally boosted and had a reaction vessel
capacity of 100 ml.  Large-scale experiments were performed in a Paar@ autoclave
system having with an 1800 ml reaction vessel.  This system was electronically
controlled and limited to 5000 psi and 500 oC.  The Paar@ system was also equipped with
a high-speed (upto 2500 rpm) stirrer.  A photograph of the batch type Paar@ system can
be seen in Figure 4.
     Initial experiments were performed on pure MgO and Mg(OH)2  in  order  to  baseline
some of the process parameters.  These compounds were chosen because of their
importance in the serpentine carbonation process.  The overall carbonation process is
made up of a number of steps including the initial extraction of MgO from the serpentine,
followed by a hydoxylation reaction of MgO to Mg(OH)2.  The final step in the process is
the carbonation of Mg(OH)2 to MgCO3.  We were successful in obtaining 100%
carbonation in both MgO and Mg(OH)2.  All of the experiments with MgO and Mg(OH)2
were performed at 155 oC, 2300 psi and times varying from 15-60 minutes.  We
determined that complete carbonation was obtained in the first 15 minutes of the process.
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60...180 kJ/mole



The temperature and pressure was chosen based on thermodynamic calculations done on
serpentine and the CO2-H2O phase diagram.

           Figure 4.  Paar@ autoclave system used in the carbonation experiments.

3.1   TECHNIQUES TO ENHANCE SERPENTINE REACTION TO STABLE
        MAGNESITE
     The primary  focus of our proposed research is to speed up the carbonation reaction of
serpentine, which occurs in nature on a geologic time scale.  A number of factors
including particle size, temperature, pressure, and acid leaching were investigated.  The
thermodynamics and kinetics of the carbondioxide (gas)-serpentine (solid) reaction were
found to be too slow to be economically feasible.  Hence, the serpentine mineral was
suspended in an aqueous media to facilitate the reaction.  Two separate reaction paths
were used to separate the MgO from the serpentine.  The first reaction path used MgCl2
to dissolve the mineral (while recirculating the HCl generated in the process), while the
other used high temperatures and pressures to achieve the end result.  Following is the
summary of the experiments conducted.

3.1.a.  Acid leaching of serpentine minerals
     In the 1940�s, a lot of attention was given to methods of quickly and efficiently
extracting metals from minerals by leaching them with hydrochloric acid.  Using this
process, it was found that magnesium could readily be liberated from the mineral and
processed.  Based partly on this process, the idea for a means to sequester CO2 into a
solid form was made.  Using this idea, a scheme was developed to avoid using HCl and
substitute magnesium chloride instead, which would dissociate in the water to give HCl
and extra periclase (MgO) for the reaction according to the equation

                                    MgCl2(s) + H2O (l) = MgO (aq) + 2HCl (aq)

     This solution is then added to the serpentine mineral to dissolve it into MgCl2,
SiO2(H2O)x, and HCl as shown below

             MgO +10HCl + Mg3Si2O5(OH)4 = 4MgCl2 (aq) + 2SiO2(H2O)8 + 2HCl



     The products of the reaction could then be diluted with water to cause H2SiO3 to
precipitate out as a solid as shown in the equation below

                MgCl2 (aq) + SiO2(H2O) + 2HCl  = MgCl2 (aq) + H2SiO3 (s) + 2HCl

     The hydrosilic acid (H2SiO3) is filtered off and collected for disposal.  The remaining
material is diluted with water to cause the iron compound to precipitate out. The
magnesium chloride is dehydrated to a monohydrate at a temperature between 110 and
250 oC. After the magnesium chloride is dehydrated, the collected water is returned to aid
in further dissolution of the incoming serpentine.  The magnesium monohydrate is heated
to regenerate the hydrochloric acid to be used in the serpentine dissolution step.
Water is then added to the MgOHCl to repartition it into magnesium chloride and brucite
(Mg(OH)2). The brucite is filtered and carbonated, while the magnesium chloride is sent
back to the dehydration step. This process is similar to most other processes in that it is
not ideal and some water is lost in the process as well as some of the acid.  Additionally
this process uses considerable energy to dehydrate the magnesium chloride and
regenerate the hydrochloric acid.

3.1.b. Direct carbonation of serpentine using high temperatures and pressures
     Although the acid leaching process was successful, a simpler, more straightforward
approach was desired to eliminate the complexity of use and recovery involved in the
leaching technique.  The new method that was designed was modeled along the lines of
the naturally occurring geological process.  Carbon dioxide is in solution at depths in the
earth�s crust and the pressures and temperatures present serve to create a pathway for the
reaction of carbon dioxide with serpentine to form stable carbonate materials. The
proposed reaction path was a multipart reaction leading to a magnesium carbonate end
product.  The first reaction is the dissolution of carbon dioxide in water as shown in the
following equation
                                    CO2 + H2O = H2CO3 = [H]+ + [HCO3]-

     Depending on the concentration and the pH (which is affected by the pressure and
temperature of the liquid because of the relative solubility of the carbon dioxide in water)
there will be present either one or a combination of the following ions in solution; CO3

2-,
HCO3

-. The reaction between serpentine and carbonic acid solution is given as

                     Mg3Si2O5(OH)4 + [H]+ + 3[HCO3]- =3MgCO3 + 2H4SiO4 + H2O

This yields the magnesite end product with silicic acid as a byproduct.  The acid can be
diluted and removed leaving the MgCO3 to be disposed of by a predetermined method.

3.2  EFFECT OF EXPERIMENTAL VARIABLES ON THE DIRECT
CARBONATION  PROCESS

     Following is a summary of the effect of experimental variables on the carbonation
efficiency .  Most of these experiments were done using a MgO intermediate.



3.2.a. Partial pressure of CO2
     The partial pressure was shown to have a significant effect on the rate of reaction and
the extent of the reaction.  This effect was determined using the MgO intermediate in
order to reduce the number of variables in the system. Based on this preliminary
information, NaHCO3 was added to get more CO2 into solution to better supply reactants
to the reaction.  The addition of the sodium bicarbonate is best describe as creating a
more basic solution, thereby drawing more CO2 into solution.

3.2.b. Particle size of the serpentine powder
     It was found that the surface area played an important role in the carbonation of
serpentine.  In order to maximize the reaction rate, a correlation between the carbonation
rate and particle size was established.  A maximum particle size of 38 micrometers was
fond to  provide the optimum carbonation rates.

3.2.c. Temperature
    The effect of temperature can be seen in Figure 5.

Figure 5.  Effect of temperature and particle surface area on the time to  complete
carbonation of MgO.

3.2.d. Effect of solids loading
The effect of solids loading appears to have a large effect on the carbonation as

seen in the MgO experiments.



                        Figure 6. Effect of solid loading on the carbonation of MgO.

3.2.e. Effect of stirrer speed

The effects of stirrer speed are not completely straight forward, in fact, it appears
from Figure 7, that there is point where stirrer speed actually diminishes the efficiency of
the reaction.

                      Figure 7.  Effect of stirrer speed on the carbonation of MgO.

3.3 DIRECT CARBONATION OF SERPENTINE
      Having established the effect of experimental variables on the carbonation process, a
number of direct carbonation experiments on serpentine were conducted.  A maximum
carbonation completion rate of ~35% (in ~15 minutes) has been obtained.  We believe
that the precipitation of silicic acid and silica is responsible for retarding the kinetics of
the reaction.  We are in the process of evaluating techniques to mitigate this problem
including the use of various acids and bases, which can break up the continuity of the
surface silica layer.

4. CONLUDING REMARKS
     We have established the feasibility of our mineral sequestration process.  A number of
challenges remain among which is improving the efficiency and decreasing the cost of
the sequestration process.  An overall schema of the envisaged process can be seen in
Figure 8.
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            Figure 8.  Proposed overall schema for the sequestration process.

1 GW Electricity

~31 ktons/day

~1.2 ktons/day Fe
~0.2 ktons/day Ni, Cr, Mn

3.8 ktons/day

Heat

Coal

Sand & Magnesite

Open Pit Serpentine Mine

CO2

10ktons/day

CoalStrip Mine

ZZeerroo  EEmmiissssiioonn  CCooaall
PPoowweerr  PPllaanntt

   80% Efficiency

Earth Moving ~ 40ktons/day MMiinneerraall  CCaarrbboonnaattiioonn

25 ktons/day
 36% MgO

Mining, Crushing, and Grinding Costs: $7/t of CO2, Chemical Processing Cost: $10/t of CO2


	DISPOSAL OF CARBONDIOXIDE IN MINERAL FORM
	ABSTRACT
	INTRODUCTION
	OUTLINE OF THE PROPOSED SEQUESTRATION PROCESS
	EXPERIMENTAL
	TECHNIQUES TO ENHANCE SERPENTINE REACTION TO STABLE MAGNESITE
	Acid leaching of serpentine minerals
	Direct carbonation of serpentine using high temperatures and pressures

	EFFECT OF EXPERIMENTAL VARIABLES ON THE DIRECT CARBONATION PROCESS
	Partial pressure of CO2
	Particle size of the serpentine powder
	Temperature
	Effect of solids loading
	Effect of stirrer speed

	DIRECT CARBONATION OF SERPENTINE

	CONCLUDING REMARKS
	GENERAL REFERENCES

