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Introduction

The sequestration of carbon dioxide (CO,) in coa seamsis one
of the geologic dtrategies being considered to mitigate increasing
atmospheric concentrations of CO,. Historically, the adsorption of
CO, on coas has been studied to estimate the coa surface area!
Usually, these measurements have been conducted at low pressures
and low temperatures? Although information obtained from
measurements such as these is important to current sequestration
efforts, low-pressure adsorption isotherm data may not represent
high-pressure in-seam conditions. On the other hand, CO, adsorption
data obtained at high pressure has been reported to poorly fit the
conventional adsorption equations such as the Langmuir (monolayer),
BET (multiplayer), and Dubinin (pore filling) equations.®*

The inconsistency between the experimental data and the
isotherm equations is proposed to be due to coal swelling.® We have
derived an expression, which incorporates the effect of swelling and
shrinkage of the coa on the CO, adsorption isotherm. Its generalized
formisgiven in Equation 1,

Rexp = Mygy +k6{9 @
ez g

where n,,, is the amount of adsorbed gas calculated from the DP
determined experimentally when the void volume of the sample
chamber (V,) is considered constant at the value estimated by the He-
expansion method, 4 is the amount of gas actually adsorbed on the
coa sample, and % is a constant, which includes the effect of the
volume change in the sample cell. The constant, %, explicitly
accounts for the change in volume:

. = orjw) _(or/n,) )

RT r RT

where DV/w is the change in accessible volume per gram of sample,
Dr/v, isthe ratio of the change in accessible volume of the sample to
the initial sample volume, as estimated by He-expansion, and (], is
the helium-density of the sample.

According to Eq.1, the measured adsorption isotherm has two
contributing parts: (1) the physical adsorption of CO, on the coal
sample, n 44, and (2) an artifact of coa swelling caused by the change
in accessible pore volume which is closed to helium but accessible to
CO,, k(Plz). A number of equations, including the Langmuir and
Dubinin, can be substituted for the physical adsorption term, 7, to
give good correlations. Herein, we use the Langmuir equation. The
increased volume available for gas compression we attribute to an
opening of the restricted pores by CO, which increases the void
volume of the sample cell beyond that measurable by helium.

In this study, we report on the adsorption capacity of CO, on
some of the Argonne Premium coals employing the newly derived
adsorption equation.

Experimental

Coal Samples. The proximate and ultimate analg/s&s for the
Argonne premium coa samples are shown in Table 1.° Minus 100
mesh samples were used in al experiments. Sample handling was
performed in a helium-flushed glove bag under a positive pressure of
helium. Each sample was dried in-situ at 80 °C under vacuum for 36
hours before measurements were performed.

Table 1. Proximate and Ultimate Analyses of the
Argonne Premium Coal Samples

Proximate Ultimate
Coal Analysis (wt%) Analysis (wt%, daf)

Sample Rank MoistureAsh®*VM® C H O S N

Pocahontas No.3 Lvb. 0.65 4.7418.48 91.0 44 20 0.7 127
Upper Freeport Mvb. 1.1313.2 27.45 855 4.7 7.5 0.74 155
Ilinois No. 6 Hvb. 7.97155 40.05 77.7 5.0 13.52.38 1.37

Wyodak Subbit. 28.09 6.31 32.17 75.0 5.4 18.00.6 1.20
Beulah-Zap Lignite 32.24 6.59 30.45 73.0 4.8 20.00.8 1.04
“dry basis

P volatile matter, dry basis

Gas adsor ption appar atus. Gaseous carbon dioxide adsorption
isotherms were obtained using a manometric gas adsorption
apparatus described elsewhere.” Briefly, the manometric apparatus
congists of a reference cell of approximately 13 ml and a sample cell
of about 6 ml; both contained within a temperature-controlled bath
(20.1 °C). The cell volumes were estimated by the He-expansion
method. The pressure within each of the cells was monitored using a
pressure transducer (Omega PX300-5KGV), accurate to + 0.25% full
scale. An 1SCO syringe pump was used to deliver pressurized CO..

M easurement Methods. Adsorption isotherms of CO, on the
Argonne Premium coals were measured at 22, 30, 40, and 55 °C. The
reference cell was pressurized to the desired level as indicated on a
pressure transducer. Thermocouples within the cells showed that
thermal equilibrium was established within 3 min. A portion of the
gas was then transferred from the reference cell to the sample cell. It
was found that 20-30 min was sufficient for the adsorption to reach
equilibrium as evidenced by stable temperature and pressure
readings. From the calculated volumes of the reference and sample
cells, and the constant temperature, the amount of gas that was
transferred from the reference cell to the sample cell was caculated
using the real gas law, which accounts for the gas compressibility
The difference between the moles transferred from the reference cell
and the moles in the gas phase in the sample cell was accounted to
the adsorption of CO, on the coal. The pressure in the reference cell
was then increased and the process was repeated. Adsorption
isotherms were plotted as the total amount of adsorbed gas at each
equilibrium pressure.

Results and Discussion

The adsorption and desorption isotherms of CO, on the Argonne
Premium coals were measured at 22, 30, 40, and 55 °C and at
pressures up to 4 MPa. Figure 1 shows the adsorption (open
symbols) and desorption (closed symbols) isotherms for CO, on these
cods at 22 °C. The lines were calculated by substituting the
Langmuir expression for n,, in Equation 1 and fitting the resultant
equation to the entire range of adsorption data. In generd, both
adsorption and desorption data fall on the same line. Similar
isotherm shapes but with a lower extent of adsorption were seen at
the higher temperatures. A small amount of hysteresis was observed
only for the Illinois No. 6 sample.  The fact that the data for all 5
coals could be fit well using Equation 1 argues favorably for its
general form athough we recognize that the fit alone does not prove
the underlying assumptions of the derivation.
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Eq.1 can be employed to differentiate between the adsorbed CO,
and the effect of coa swelling. This partitioning of the adsorbed
amount is shown in Figure 2 where the measured adsorption
isotherm for the Pocahontas coal is divided into the two contributing
parts. The portion of the missing gas apportioned to the physical
adsorption of the CO, is shown as the solid-line Langmuir portion of
Equation 1 and the effect of the change in accessible pore volume is
displayed as the dashed line. Due to CO,-induced swelling of the coa
during adsorption, the accessble volume available for gas
compression increases so that more volume becomes available to the
CO, than the volume initially estimated by helium expansion. At
low-pressures, the effect of swelling on the adsorption isotherm is
small when compared with the amount of CO, actually adsorbed. At
high pressures, however, the amount of gas in the additional void
volumeis considerably higher due to the compressibility of CO..

35

| Pocahontas No.3
|| O Upper Freeport
3.0 11 A lllinois No.6

0 Wyodak

2.5 4 © Beulah-Zap

| O —

15

1.0 A

Adsorbed CO», mmole/g-coal, daf

05 {5

0.0 1.0 2.0 3.0 4.0
P, MPa

Figure 1. CO, adsorption (open symbols) and desorption (closed
symbols) isotherms of several of the Argonne Premium.
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Figure 2. Best fit of Eq.1 (heavy solid line) to the adsorption (open
symbols) and desorption (closed symbols) isotherms of the Argonne
Premium Pocahontas No.3 coa showing the relative contributions of
Langmuir adsorption (solid line) and swelling effects (dashed line).

By substituting the Langmuir or Dubinin-Astakhov equations
for n.4 in Equation 1, the adsorption capacities were calculated. The

heats of adsorption for CO, were calculated directly from the
Dubinin-Astakhov equation and by using the Clausius-Clapeyron
equation and the temperature dependence of the adsorption isotherms
in the case of the Langmuir best-fits. These are shown as a function
of maf carbonin Figure 3. Both decrease with maturation of the coal
up to 80-86% C, and then increase with increasing maturation
consistent with the U-shaped dependence typical of surface aress,
densities, and porosities of coals of different rank.’ However, the
variations in the adsorption capacity and the characteristic heat of
adsorption are not large. The adsorption capacities and characteristic
heats of adsorption are 0.9-1.7 mmole/g-cod, daf-basis and —26 to
—30 kImole, regardless of coal rank.
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Figure 3. Adsorption capacity and heat of adsorption of CO, on
several of the Argonne Premium cods.
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Introduction

Carbon dioxide is the largest contributor to the greenhouse
effect, being produced in the combustion of fossil fuels as oil, natural
gas or coal, for energy production or heating, and in industrial
processes.

Carbon dioxide can be recovered by using several technologies
such as the absorption into an appropriate solution' or the membrane
separation.” The former is used in several industrial applications such
as CO, separation from power plants flue gases, natural gas treatment
and landfill gas upgrading. The capacity of the amine to uptake/bind
CO; is of fundamental importance for sizing the separation tower.

In this paper we consider the advantage of using new amines for
capturing carbon dioxide from gas mixtures. The kinetics of CO,
uptake using four new different amines is compared with that of
absorption by MEA.

Experimental

All data were recorded under the same conditions: 1 atm of CO, and
298 K. The kinetics was followed in tetrahydrofuran (THF) as
solvent. 8 mL of THF were saturated with CO, in the absorption
flask, then the amine (0.90 mmol) was added. The uptake of CO, was
followed using a gas burette.

Neat amines have been also used.

Results and Discussion
Aliphatic amines are known to react promptly with CO, [Eq 1] to
afford an ammonium carbamate.’

2RNH2 + COQ
M

— RNH;"0,CNHR

We have investigated the behaviour of mono- (A, B, C) and di-amines
(D, E)* towards CO, at various temperatures. Mono-amines A, B and
MEA (C) react rapidly with CO, at 298 K in THF. Figure la-b-c
show that the reaction is almost complete in 15 minutes and the
amount of CO, taken up by the amine (ca. 0.55 mol/mol amine) says
that one mol of CO, reacts with two moles of amine, as required by
the stoichiometry of reaction 1, to afford ammonium carbamates.

o amine A
- - 4--amineB

—=—MEA

mol CO2/mol amine
o
w

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Time (min)

Figure 1. Kinetics of reactions of mono-amines with carbon dioxide

Amines A and B are as performing as MEA. In all cases, the solution
at the end of the reaction is cloudy due to a fine suspension of a white
solid. Interestingly, if the reaction is carried out at 273 K, the amount
of CO, fixed by amines A and B, after a fast initial uptake, of ca. 0.50
mol/mol, increases slowly to 1 mol/mol within three hours. This
feature can be explained assuming that at low temperature any of the
ammonium carbamates RNHCOO™ H;NR slowly converts into the
dimeric form of the relevant carbamic (RNHCOOH), acid. We have
already shown that, in the same conditions, the carbamate/carbamic
acid conversion takes place with benzylamine’ and other N-
compounds. (Eq.2) In the case of R=benzyl, the dimeric carbamic acid
has been isolated and characterized by X-ray>*.
RNHCOO™H;NR + CO, — (RNHCOOH), R = Benzyl 2)
Carbamates of amines (A and B) do not release CO, easily upon
heating. Therefore, they are not good candidates for the separation of
carbon dioxide from other gases (e.g., from flue gases) as they can not
advantageously operate in a cyclic system implying the uptake and
release of carbon dioxide.

When diamine D or E is used, the CO, uptake curve (Fig. 2) at 298 K
has a different shape with respect to that characteristic of
monoamines.
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Figure 2. Kinetics of reactions of di-amines with carbon dioxide

Diamines D, E take up CO, with a 0.8-1 molar ratio, to afford a
glassy material that occludes solvent. The reaction quickly takes place
also in absence of solvent. The resulting carbamates have been
isolated and characterised. Diamines are thus by far more efficient
than monoamines for CO,-capturing. This aspect is quite important as
by using diamines it would be possible to reduce to half the amount of
amine necessary for the separation of a given amount of CO,, and thus
the volume of the absorption tower. Interestingly, the carbamates of
diamines easily release carbon dioxide at moderate temperatures,
making such systems quite interesting candidates for CO, separation.

We are now working at some improvement of the amine
molecular structure in order to further increase the separation
efficiency.
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Introduction

Increasing public concern related to the possible effects that
anthropogenic emissions of CO, may have on global climate has led
the Department of Energy (DOE) to embark on development of a
number of carbon sequestration processes for mitigating carbon
dioxide. =~ Anthropogenic emissions of CO, generated by the
combustion of fossil fuels are estimated at 6 GtC/year'. The intent of
the Carbon Sequestration program is to significantly decrease
emissions of greenhouse gases and stabilize atmospheric CO,
concentrations at 550 ppm, by 2025. Complementary to traditional
areas of energy research, such as improving energy efficiency or
shifting to renewable or nuclear energy sources, carbon sequestration
will allow continued use of fossil energy, buying decades of time
needed for transitioning into less carbon-intensive and more energy-
efficient methods for generating energy in the future.

Mineral carbonation, the reaction of CO, with non-carbonated
minerals to form stable, benign, mineral carbonates, has been
identified as a possible safe, long-term, and unmonitored option for
storing carbon dioxide®”. In this chemical approach, CO, reacts with
alkaline earth containing silicate minerals, such as serpentine
Mg3S1,05(0OH),, forming magnesite, MgCOs;. Moreover, Goff and
Lackner have shown the economics of using magnesium silicates for
carbonation and their abundance are well matched concerning the
scale of CO, storage®. Current studies using serpentine, a Mg-rich
lamellar hydroxide based mineral, however, requires prior
pulverization to the mineral, removal of iron oxide, magnetite, prior to
carbonation, and thermal activation at high temperatures (630°C) to
successfully achieve rapid and high rates of conversion to magnesite.
Thus, alternative chemical and mechanical methods focusing on
surface activation of serpentine to accelerate the carbonation reaction
efficiency have been under investigation®!°.

The objective of our study was to use industrial solid residues
(FBC ash and FGD spray dryer ash) rather than natural minerals, for
investigating their potential in permanently sequestering CO, as
mineral carbonates. Although not available in sufficient quantities to
make an impact on worldwide CO, emissions, these materials are
readily available at low cost, easily gathered at or near energy and
industrial sites, and readily accessible in fine particle sizes. Use of
these alternative feeds were envisioned to provide a faster reaction
pathway optimizing energy management along with providing an
immediate incentive toward the development of a high-pressure direct
carbonation method for processing these commercial by-products.

Experimental

Mineral Carbonation Experiments Initial proof-of-concept
tests were conducted using samples obtained from Freeman United
Coal Mining Company, Farmersville, Illinois, USA and Consol
Energy, Library, PA, USA, respectively. Carbonation reactions were
carried out in a 1-liter Hastelloy C-2000 continuous-stirred-tank-
reactor (CSTR). In a representative experiment, a determined amount
of solid reactant was mixed with an aqueous bicarbonate solution (0.5
M Na,CO5/0.5 M NaHCO;; 1.0 M NaCl) and charged into the CSTR.
The CSTR was sealed, and purged with gaseous carbon dioxide. A
pre-determined amount of liquid CO, was then carefully injected

through the side port of the CSTR. The solid reactant/bicarbonate
solution/liquid CO, mixture was sufficiently agitated during both heat
up and testing to prevent any settling of solid reactant. The
carbonation studies were conducted at temperatures (155 &185°C)
and CO, pressures (75 & 115 atm) for 1 hour at an agitation speed of
1000 rpm. At the conclusion of the test, the remaining CO, was
vented, and the carbonated slurry was flushed from the CSTR and
filtered to separate solids from the aqueous bicarbonate solution. The
washed carbonated solid product was dried at 105°C in air overnight.
A digital pH meter was used to determine the pH values of pre-and
post-product solutions.

X-ray powder diffraction (XRD) XRD measurements of
untreated and supercritical CO,—treated solids were carried out using
a Rigaku DAD-ITA powder diffractometer with a Cu-Ko X-ray
source at 40kV and 25 mA. The powder sample was mounted on a
glass sample holder. The XRD patterns were recorded over a 20
range of 2° to 90° and compared with the JCPDS mineral powder
diffraction file.

Scanning Electron Microscopy (SEM) SEM analyses were
performed using an Aspex Personal SEM™ equipped with a Noran
energy dispersive detector enabling x-ray detection of elements with
atomic number 6 (carbon) and greater. Sample preparation involved
mounting a portion of a representative sample in epoxy and polishing
to obtain a cross section of the particles. Polished cross sections of
supercritical CO,-treated solid products were analyzed at an
accelerating voltage of 20 KeV and working distance of 16-19 mm.
Prior to analyses, samples were coated with a thin layer of carbon to
provide an electrically conductive surface. = The samples were
examined in backscattered electron imaging (BSI) mode coupled with
energy dispersive spectroscopy (EDS).

Results and Discussion

The chemical analyses of the major components were determined
by ICP-AES, with a preliminary preparation of acid digestion. The
chemical composition of FBC and FGD solid residues and their
corresponding carbonation products are summarized in Table 1. The
crystalline phases of the FBC solid residue was analyzed by XRD.
Anhydrite (CaSO,), quartz (SiO,), periclase

May 1@, i =1=%1
H 18 um

W 15 mm

Figure 1. SEM image with EDS spectra of supercritical CO,-treated
FBC ash (Freeman United Coal Mining Co.)

Fuel Chemistry Division Preprints 2002, 47(1), 37



(MgO), lime (CaO) and hematite (Fe,O;) were identified as minor
phases for the FBC ash (Freeman United Coal Co.) feed sample.
XRD confirmed a trace constituent; calcite (CaCO;) was also present.
Dolomite, CaMg(CO3), and calcite were determined as being the
primary constituents in the supercritical CO,-treated FBC solid
product.  Free CaO was identified as the primary constituent for the
FGD spray dryer ash material obtained from Consol Energy. XRD
analysis coupled with a relatively high CO, concentration of in FGD
reaction product, confirmed CaCO; as the major element in the
Consol Energy FGD carbonation product.

Table 1. Chemical composition of FBC and FGD solid residues

Oxide FBC FBC FGD FGD
Residue Product Residue Product
Al O4 5.9 6.1 159 12.7
CaO 27.1 22.7 31.9 23.1
FeO, Fe,05 6.3 59 3.9 3.2
MgO 9.6 8.0 1.4 1.2
SiO, 24.4 25.0 35.0 26.8
Na,O 0.6 0.7 0.3 0.3
TiO, 0.3 0.3 0.8 0.8
P,Os 0.1 0.1 0.1 0.1

Figure 1 shows a SEM photomicrograph with EDS spectra obtained
for a supercritical CO,-treated FBC ash (Freeman United Coal Co.).
Although the EDS spectra are elemental, it is assumed that they are
representative of the oxide species, unless otherwise noted. SEM with
EDS spectra identified a number of large grains within the
representative sample to contain relatively high concentrations of Ca,
Mg, C, and O with trace amounts of silica. These particles dispersed
throughout the mount were identified as dolomite by SEM-EDS.
SEM-EDS analysis also showed the majority of the grains to contain
high concentrations of silica.  These particles could represent
unreactive quartz (SiO,).

Results obtained from tests investigating the mineral carbonation
efficiency of FBC residues (Freeman United Coal Mining Co.) and
FGD residues (Consol Energy) in an aqueous bicarbonate/NaCl
solution are shown in Table 2. Extent of reaction achieved in tests
conducted for one hour using the FBC solid residue was 50 and 51%
stoichiometric, respectively. The main components of the FBC solid
residue from coal combustion in fluidized beds, using limestone as a
sorbent of SO, formed during the combustion process, are those arising
from the reaction (CaSQ,), and by-products of reaction (CaO, CaCOs).
These reactants, including CaSO, react with the dissolved CO, to form
the resulting mineral carbonate. Tests conducted with the latter feed
(FGD residue) resulted in higher stiochiometric conversion to calcite.
The concentration of free lime (CaO) was obvious much higher for the
FGD residue than for the corresponding FBC solid residue.

The annual production rate of the FBC solid residue was estimated
at approximately 400,000 t/year. Based on our preliminary results and
the composition of the FBC solid residue, the order of magnitude of

CO, sequestration is 15.8 wt % of the FBC residue. = Therefore,
63,200 t CO,/year or about 17,236 t C/year could be sequestered at the
Farmerville, Illinois complex.

Conclusions

Preliminary results at NETL indicate direct aqueous mineral
carbonation to be a viable technique for converting both FBC ashes
and FGD materials into mineral carbonates. Although the
sequestration potential of these materials are small, the ability to
effectively process such a stream could lead to industrial interest in the
development of a cost effective direct aqueous carbonation
technology.
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Introduction

Soil carbon is one of the most poorly understood global carbon pools.

This is par tly due to the difficulty and expense of current techniques
available to measure soil organic matter (SOM) components and
changes and partly due to spatial variability and the difficulty of
obtaining representative samples. As a result, the uncertainty in SOM
knowledge is so great that opposition exists to giving credit for soil

carbon sequestration in international greenhouse gas negotiations.
The perception is that it will be difficult, if not impossible, to verify

claims that carbon is actually being absorbed and retained in soils, a
problem that is compounded by the fact that the dynamics and
chemistry of SOM ar e not well understood. The work described here
begins to addr ess the need to develop and demonstrate analytical
techniques that can rapidly provide information on soil carbon
concentration and chemistry, information that is crucial to verifying
carbon upt ake an d storage in the lar gest terrestrial pool —'sdl.

A primary component of soil organic matter comes from the
decomposition of biomass-derived materials. The resulting humic
substances vary greatly in their decomposition rates, and when
accur ately measur ed, provide a foundation for estimating the upt ake
of carbon in soils. Separ ating and measur ing these components with
classical techniques is both difficult and complex. Most soil analyses
require mechanical prepar ation, extraction and one or more chemical
analyses; processes which are time consuming and labor intensive.
Moreover, some analyses may not be representative of the original
material due to the har sh chemical separ ations used.

We have developed the py-MBMS technique for analyzing a wide
range of large and complex biomolecules that include lignins,
cellulosic materials, plastics, and polymers. Schulfendetails the
application of pyrolysis field ionization mass spectroscopy to identify
SOM components. This work applies MBMS analyses to whole soils.
The method consists of rapidly heating soil samples (0.1 g) in an inert,
helium atmosphere at 500<C for pyrolysis analysis and to 800C in a
helium/oxygen mixture for combustion analysis. Both processes take
place at ambient pressure in a quar tz reactor, which is connected to
the inlet of the MBMS. The generated pyrolysis or combustion
products are sampled directly in real time by expanding through a
sampling orifice with subsequent formation of the molecular beam,
which provides rapid sample quenching and inhibits sample
condensation®*>® The molecular beam method of sample generation
is rapid (1-5 minutes) and provides sample throughputs of 100-200
samples per day depending on analytical conditions.

To demonstrate the feasibility of these techniques for SOM and total
carbon and nitrogen analysis, we analyzed forest soil samples taken
from three experimental sites in the Northeast and North Central

regions of the country, and agr icultur al soils managed for switchgrass
production (South Central) and hybrid poplar production
(Northwest).

At each of the sites, only mineral soil was sampled and 5-cm cores
were taken as a function of depth. Samples were dried and sieved
through a 2-mm screen prior to MBMS analysis. Soil samples (~0.1
g) were weighed in quar tz boats in triplicates and pyrolyzed or
combusted in a reactor consisting of a 2.5 cm quar tz tube with helium
flowing through at 5 L/min (at STP). The reactor tube was oriented
so that the sampling orifice of the molecular-beam mass spectrometer
(Figure 1) was inside the end of the quartz reactor. We used a
molecular beam system comprised of an ExtrelTM Model TQMS C50
mass spectrometer for both pyrolysis and combustion vapor analysis.
The reactor was electrically heated and its temperature maintained at
500°C or 800C. Total pyrolysis time was 5 minutes and combustion
time 2 minutes. The residence time of the vapors in the reactor
pyrolysis zone was estimated to be ~75 ms. This residence time is
short enough that secondary cracking reactions in the quar tz reactor
are minimal. We used a soil reference material (Car I6sba, Milan,
Italy, PN 33840026) containing 3.55 wt% C and 0.37 wt% N to
calibrate the m/z 44 (C@) and the m/z 30 (NO) mass spectral peaks.
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Figure 1. Schematic representation of the molecular beam sampling mass
spectrometer (py-MBMS) system. The soil samples were introduced into the
heated quartz reactor for pyrolysis and combustion analysis.

Mass spectral data from 15-350 amu were acquired on a Teknivent
Vector 2™ data acquisition system using 22eV electron impact
ionization. Data acquisition was continuous, through digitization of
electron-multiplier signals from the arrival of positive ions and
programmed storage in an IBM PC computer. Repetitive scans
(typically one 300 amu scan/s) were recorded dur ing the evolution of
a pyrolysis or combustion wave from each soil sample. The stored
spectra could be manipulated to give average spectra, subtracted
spectra, or time evolution of different masses. Using this system, both
light gases and heavy molecules are sampled simultaneously and in
real time. We used multivariate data analysis (pattern recognition) to
handle mass spectral data sets and identify trends to discover the
under lying chemical changes that may not be obvious by compar ison
of such complex mass spectrd:®

Results and Discussion

Figure 2 shows the weight percentages (wWt% ) of total carbon and
nitrogen obtained from combustion-MBMS data from agricultural
soils managed for hybrid poplar production. Hybrid poplars, which
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grow rapidly, are biomass energy crops. Three sites were sampled in
depth increments of 0-5, 5-10, and 10-20 cm. Total carbon (C) and
nitrogen (N) contents are the average of two separate samples per
site. Site 1 is fallow after one rotation of hybrid poplar, site 2 is
currently in a second rotation of hybrid poplar, and site 3 is adjacent
unmanaged sagebrush. All samples exhibited decreasing C and N
contents with increasing depth. The fallow soil contained the least
total carbon and nitrogen likely because of soil disturbance from
harvesting the rotation. The soil in the second rotation of poplars
contained about twice as much C and N as the fallow site and the
amounts were approximately equal in the deeper increments. The
unmanaged sagebrush contained the most C and N in the 0-5 cm
increment and C and N contents in the 5-10 and 10-20 cm increments
were about equal to those of the second rotation. The high C and N
content in the 0-5 cm sagebrush increment may be attributed to the
presence of dense fine roots from the sagebrush. These preliminary
results show the utility of combustion-MBMS method for rapidly
determining total C and N contents.

Combustion MBMS of Hybrid Poplar Soils

35 —

25

Wit% C, N

In second rotation of hybrid Adjacent unmanaged
poplar sagebrush

Fallow after one rotation
of hybrid poplar
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Figure 2. Total carbon and nitrogen contents of soils from a hybrid
poplar plantation. Soil cores were taken in depth increments of 0-5,
5-10, and 10-20 cm. The first site (left 3 samples) was fallow after
one rotation of poplar had been harvested, the middle 3 samples come
from a site in a second rotation of poplar, and the 3 samples on the
right are from adjacent unmanaged sagebrush.

Figure 3 shows mass spectra from the pyrolysis of soil samples taken
from the Tionesta Scenic and Research Area in northwestern New
York. These forest soils, which come from a site vegetated with 600-
year old virgin beech hemlock, were chosen for maximum SOM
carbon content. Figure 3a shows the pyrolysis mass spectrum for the
0-5 cm depth increment and Figure 3b the spectrum from the 15-30
cm increment. Comparison of the spectra shows that the shallow
increment contains pyrolysis products characteristic of more recent
biomass decomposition (carbohydrates, lignin) and the deep increment
contains more degraded forms of biomass (phenolics, nitrogen-
containing compounds).
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Figure 3: Integrated spectra for 0-5-cm (a) and 15-30-cm (b) samples
from the py-MBMS analysis of the Tionesta forest soil. The mass
spectra that occur over the pyrolysis wave for each sample are
averaged. Higher mass ranges are shown in the inset of (b).

These preliminary results show that py-MBMS can distinguish the
chemical changes that occur with depth. Recent biomass is
characteristic of shallow samples and more aromatic species,
representative of more degraded biomass, are found in the deeper
samples. This technique can also distinguish among samples of
different ecological sites. With continued development, this rapid
analytical technique offers the opportunity to greatly increase our
understanding of the role of SOM in carbon sequestration and carbon
cycling, and to assess how forest and agricultural management
practices can enhance that role.
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Introduction

It is now scientifically evident that human activities have
caused concentrations of greenhouse gases to rise significantly over
the last two hundred years.! This causes a change in the atmosphere
composition and the problem of global warming. The desire to
alleviate the global warming problem has resulted in a serious
environmental concern and a need to either reduce greenhouse gas
emissions from industrial sources or put them into long term storage.
Carbon dioxide (CO,) is the largest contributor to the global warming
problem, and is thus the major target for the reduction. Among the
capture techniques, the flue gas scrubbing using absorption solvents
is the most mature and readily applied technology for the reduction of
CO, emissions from the stationary power plants.”

Aqueous solutions of alkanolamines are the chemical solvents
that have been used extensively for the CO, capture.’ Common
alkanolamines are monoethanolamine (MEA), diglycolamine (DGA),
diethanolamine ~ (DEA),  diisopropanolamine  (DIPA)  and
methyldiethanolamine (MDEA). At present, formulated solutions
containing a variety of alkanolamines are gaining popularity in the
gas separation industry. These solutions often provide a greater
absorption performance or meet unique needs when compared to the
aqueous solutions of single alkanolamines.* The most common
formulations consist of blends of MDEA and other alkanolamines to
form MDEA-based solvents. The MDEA-based solvents can provide
excellent absorption capacity, great energy efficiency and low
corrosivity in comparison with the single alkanolamines.’

Research objective

The choice of the absorption solvents can be determined by a
number of factors, such as absorption efficiency, energy
consumption, corrosion, and solvent degradation. The absorption
efficiency is an important factor since it measures the mass-transfer
rate of acid gas into the absorption solvent that is required to achieve
a removal target. In most cases, the efficiency is theoretically
evaluated by using classical laboratory reactors, such as stirred cell
and laminar jet absorber where the interfacial area for the mass-
transfer is known and fixed. These reactors do not take into account
the hydrodynamic features of the contacting devices, which may vary
with type of absorption solvents during the plant operation.
Therefore, it is necessary to use a column (packed or tray) as a gas-
liquid contacting device for evaluating the absorption efficiency of
any solvent of interest. This work evaluated and compared the CO,
absorption efficiency of the aqueous solutions of single and blended
alkanolamines in a packed column fitted with structured packing.
Effects of two important operating conditions, including CO, loading
of solution and liquid load (flow rate per cross sectional area), on the
absorption efficiency were also examined. The test alkanolamines
were MEA, DEA, DIPA, MDEA, and MEA-MDEA.

Experiments

The experiments were carried out in a bench-scale absorption
unit of which the main component was the acrylic absorption column
with an internal diameter of 20-mm and height of 2.0-m. The column
was packed with stainless steel structured packing (Sulzer DX). A

series of gas sampling points were installed for measuring the gas-
phase CO, concentrations along the column. An IR gas analyzer
(model 301D, Nova Analytical System Inc.) was used for measuring
the CO, concentration with an accuracy of +0.4%. The liquid
samples taken from the bottom of the column were analyzed for their
compositions using titration methods. The experimental results were
presented as gas-phase CO, concentration profiles along the height of
the absorption column. The CO, absorption or removal efficiency
(n) was determined using the following equation:

n:[l—[l_});y‘“]x[%]]xloo (1)

where y;, and y,,, denote mole fractions of CO, in gas-phase at the
bottom and the top of the absorption column, respectively.

Results and discussion

CO, absorption performance of single alkanolamines.
MEA and DEA were found to have a superior CO, absorption
performance over DIPA and MDEA. As shown in Figure 1, 10%
CO; in the feed gas was completely absorbed by the fresh (nil CO,
loading) aqueous solutions of MEA and DEA within 2.0-m column
height, while certain amounts of CO, in the treated gas (at the column
top) were detected in cases of DIPA and MDEA.
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Figure 1. Gas-phase CO, concentration profile along the column for
single alkanolamine solutions (3 kmol/m’ solution concentration;
0.00 mol/mol CO, loading; 10.0 m*/m?-h liquid load).

Although both MEA and DEA were able to provide a complete
removal of CO,, their absorption performance can be distinguished
by considering the column height required for the absorption. The
CO, absorption into the MEA solution took place within only 0.8-m
from the column bottom while the DEA required as high as 1.8-m to
complete the same task. This illustrated the superior performance of
MEA over the DEA solution. Consequently, the absorption
performance of the test solutions was in the following order: MEA >
DEA > DIPA > MDEA.

The absorption experiments were further conducted under
different CO, loadings of the solution and different liquid loads in
order to broaden the performance comparison. The CO, loading and
the liquid load were found to have no impact on the order of the
absorption efficiency (Figures 2 and 3). The order remained as it was
under the fresh solution condition, i.e. MEA > DEA > DIPA >
MDEA. However, the performance of the CO, absorption had an
inverse relationship with the CO, loading of the feed solution, i.e. it
decreases with the increasing CO, loading of the solution. The
deterioration of the absorption efficiency was caused by a reduction
of the available reactive alkanolamine concentration that provided a
driving force during the mass transfer. The result also shows that
increasing the liquid load caused a reduction in the CO, concentration
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of gas phase, indicating a greater absorption efficiency. This was a
result of two basic phenomena that take place in parallel. First, an
increase in the liquid load led to a greater degree of the wetted
packing surface (hydrodynamics) participating in the mass transfer
process. Second, the liquid solution at a higher flow rate experienced
a smaller change in its concentration, thus retaining the bulk of its
absorption capacity throughout the column and maintaining the mass
transfer driving force.
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Figure 2. CO, absorption efficiency of single alkanolamine solutions
(3 kmol/m”® solution concentration; 10.0 m*/m*-h liquid load).
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Figure 3. CO, absorption efficiency for single alkanolamine
solutions (3 kmol/m’; 0.00 CO, loading).

CO, absorption performance of blended alkanolamines.
The CO, concentration profiles of the MEA-MDEA lie between
those of the pure components (Figure 4), indicating a hybrid
absorption behavior. The absorption also appeared to be influenced
by the variations in CO, loading. As the CO, loading increased, the
CO, concentration profile of the MEA-MDEA shifted upwards,
resulting in a lower CO, absorption efficiency. It was noticed that
the CO, concentration profile or absorption efficiency of the MEA-
MDEA was close to that of the MEA in case of no or very small CO,
loading. However, once the CO, loading was increased, the profile
(efficiency) of MEA-MDEA moved towards in a direction of the
MDEA profile. This behavior manifests a kinetic competition of the
two components (MEA and MDEA) in the blended solution. It is
likely that, under low CO, loading conditions, the MEA plays a
dominant role in the CO, absorption since its reaction rate with CO,
is much faster than the MDEA’s. However, once the CO, loading
increases to a certain value, the MEA will loose its competitive
characteristic in absorbing the CO, due to the depleting active MEA.
As a result, the MDEA will gain its role in absorption at high CO,
loading. This behavior suggests that, the transfer of CO, from gas
phase at the top portion of the column takes place primarily due to

the pure solution with a faster reaction rate with CO, (MEA) while
that at the bottom portion of the column takes place primarily due to
the solution with a lower reaction (MDEA).
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Figure 4. Gas-phase CO, concentration profile along the column for
3 kmol/m* MEA-MDEA (1:1) solution (0.00-top-left, 0.25-top-right
and 0.40-bottom mol/mol CO, loading; 10.0 m*/m*-h liquid load).

Conclusions

The absorption efficiency of various alkanolamines was
evaluated in a packed column where the hydrodynamic feature was
taken into account. The absorption efficiency increased in the order
of MEA > DEA > DIPA > MDEA. The absorption efficiency of
MEA-MDEA solution was a combination of those of the pure
components. A kinetic competition behavior was exhibited. At low
CO, loading, the component with a faster CO, absorption rate was
primarily attributable to the CO, removal whereas the component
with a slower rate played a dominant role at high CO, loading.
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Introduction

Fossil fues supply more than 98 percent of the world’ s energy needs.
However, the combustion of fossil fuelsis one of the major sources of the
greenhouse gas, CO,. It is necessary to develop technologies that will
allow usto utilize the fossil fuels while reducing the emissions of green-
house gases. Commercid CO, capture technology that existstoday is very
expensive and energy intensive. Improved technologies for CO, capture
are necessay to achieve low energy penalties. Pressure swing adsorption
(PSA) is one of the potential techniques that could be applicable for
removad of CO, from high-pressure gas streams, such as those encountered
in integrated gasification combined-cycle (IGCC) systems.

PSA processes™ are based on preferential adsorption of the desired
gas(eg., CO,) on porous materials at a high pressure. When the pressure
isdecreased, the gas is desorbed from the porous sorbent and the sorbent
can be reused for subsequent adsorption. PSA technology has gained
interest due to low energy requirements and low capital investment costs.
Development of regenerable sorbents that have high selectivity for CO,
and high adsorption capacity for CO, is critical for the success of the PSA
process.

The objective of thiswork isto understand the adsorption properties
of CO, on both synthetic and natural molecular sieves® that can be utilized
in PSA processes. In this work adsorption and desorption of CO, was
studied on both synthetic and natural zeolites. V olumetric adsorption and
desorption studies of CO,, N,, O,, or H,, with the sorbents were conducted
at 25 °C up to a pressure of 300 psi (2 x 10° Pa). Competitive gas
adsorption studieswere aso conducted with CO,-containing gas mixtures
in the presence of water vapor.

Experimental

Adsorption and desorption isotherms at 25 °C of pure CO,, N,, O,,
and H, on molecular sieves Z210-08 and Z10-10 (proprietary zeolites from
Sud Chemie) and three natural zeolites were measured up to an equilib-
rium pressure of about 300 psi (~2 x 10° Pa) utilizing a volumetric
adsorption apparatus. Approximately 10 ml of the sorbent materials were
placed in the sample chamber, which was evacuated to ~5 x 10° Torr
(~6.75 x 10° Pa). The amount of CO, adsorbed was calculated utilizing
the pressure measurements before and after the exposure of the sample
chamber to CO,. Desorption studies were conducted by gradualy
decreasing the pressure from 300 ps after the adsorption cycle. After each
cycle the sorbent was evacuated overnight. Competitive gas adsorption
studies were conducted in a lab-scale, fixed-bed reactor at 14.7 ps
(~1.01 x 10° Pa) using a gas mixture with a composition of 15 percent
CO,, 82 percent N,, 3 percent O, in the presence of water vapor at ambient
temperature. The samples were heated at 100 °C for 1 hour and cooled
down to ambient temperature before the introduction of the gas mixture.

Resultsand Discussion

Volumetric adsorption/desorption isotherms of CO,, N,, O,, and H,
on molecular sieve Z10-08 at 25 °C are shown in Figure 1. The CO,
adsorption increased rapidly when the pressure was increased up to 50 psi
but the CO, adsorption after 50 psi appeared to be gradua. At al
pressures, adsorption isotherms of nitrogen were lower than those of CO,,
and adsorption isotherms of hydrogen were significantly lower than those
of CO,. Preferentia adsorption of CO, indicates that this material can be
used for separation of CO, from some gas mixtures. The adsorption and
desorption isotherms were very similar indicating that the adsorption of
CO, 0n 21008 isreversble. Thus, the adsorbed CO, can be recovered by
lowering the pressure.
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Figure 1. Adsorption and desorption isotherms of Z10-08.

The results of the competitive gas adsorption studies conducted
utilizing agas mixture of 15 percent CO,, 82 percent N,, 3 percent O,, and
water vapor on molecular sieve Z10-08 in the atmospheric micro reactor
are shown in Figure 2. The gas mixture was introduced to 1 g of
molecular sieve at a flow rate of 15 cc/min and a 25 °C. After the
introduction of the gas mixture to the molecular sieve Z10-08, the CO,
concentration decreased to almost zero until the breakthrough. This
indicates that an excellent separation of CO, can be obtained from agas
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Figure 2. Competitive adsorption of CO,, N,, and O, on Z10-08 (15%

CO,, 3% O,, 82% N,, and saturated with water vapor at 25 °C,
15 cc/min).
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mixture of N,, O,, H,0, and CO, with molecular sieve Z10-08. Thetotal
amount of CO, adsorbed at the breakthrough or saturation as calculated
from the datawas about 2.5-3 moles/kg of the sorbent. Thisvaueisvery
similar to the amount of CO, adsorbed a 1 am from volumetric
equilibrium adsorption studies, as shown in Figure 1. Thisindicates that
the full capacity of the molecular sieve 210-08 was utilized for CO,
adsorption during competitive gas adsorption from a CO,, N,, G, and
water vapor mixture. It isapparent that the water vapor does not affect the
adsorption of CO, on molecular sieve Z10-08.

The results of both volumetric gas adsorption isotherm studies and
competitive gas adsorption studiesin the micro reactor of molecular seve
Z10-10 were very smilar to that of Z10-08. However, the CO, adsorption
capacity at high pressure (2 x 10° Pa) of Z10-08 was better than that of
Z10-10.

The properties of three natural zeolites are shown in Table 1. The
gas adsorption isotherms on the three natural zeolites indicated that there
is preferential adsorption of CO, with al three zeolites. The adsorption
cgpacities of both synthetic and natural zeolites are shown in Table 2. The
natural zeolite with the highest sodium content and the highest surface
area showed the highest CO, adsorption capacity at both low and high
pressures.

Tablel. Natural Zeolites

Chemical Composition [Average Pore | Surface Area

Natural Zeolite (Wt% Ratios) Diameter (A°%) (m?g)

Natural Herschelite- |Sodium alumino silicate 1 4.3 520
Sodium Chabazite Na,0/K,0O - 7.4
SiO,/AlL,O,=3.7

Clinoptilolite Sodium alumino silicate 2 43 40
Na,0/K,O - 1.1
SiO,/AlLO; = 6.3

Clinoptilolite Potassium calcium 4.3 40

sodium alumino silicate
Na,0/K,O - 0.3
SiO,/AlL,O,=5.1
CaO/K,0=1

Table2. Comparison of CO, Capture Capacities
of Different Sorbents

Moles of CO,/kg  Moles of CO,/kg

Sorbents at 1 atm at 20 atm
Sythetic Zeolites
Z10-08 25-3 7-8
Z10-10 25-3 6-8
Natural Zeolites
Sodium Alumino Silicate 1 1-15 4-5
Sodium Alumino Silicate 2 05-1 2-25
Calcium Potassium 0.1-0.2 1-15
Alumino Silicate

Conclusions

All molecular sieves showed preferential adsorption of CO, over
nitrogen, oxygen, and hydrogen at all pressures up to 250 psi. The
molecular Seve Z10-08 showed better CO, uptake than the other zeolites.
Water vgpor and oxygen did not affect the adsorption of CO, on synthetic
molecular sieves during competitive gas adsorption studies.
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Introduction

Molten carbonate (MxCOj;) recognizes high activity and high
electrical conductivity under high temperature. Then its have been
used as electrolyte of MCFC e (molten carbonate fuel cell). In this cell
CO, and O, translate between as carbonate ions. This method is
expected to be applicable to CO, and O, recovery and production
processes.

The concentration of CO, has been studied by Weaver' using
MCFC. However, separation is also possible in other process using
molten carbonate as the electrolyte. In this case, electrical energy is
required for electrolysis. This system is shown schematically in Fig.1.
Electrode reactions are as follows,

Cathode : CO, + 1720, +2¢ — COs> (1)
Anode : CO;* = CO,+120,+2¢  (2)

This electrochemical process can apply CO, separation &
concentration systems. We have investigated this mechanism and
confirmed the CO, separation’. This system has high efficiency and
can separate very low-level CO, gas. (Less than 0.5%). farther this
system is very simple than other CO, separation system because its
not needs mechanical pumping or pressurized system.

CO, concentrated gas

ﬁ:OZ IH20 j

anode

j
5. D.C.
electrolyte co3 (COz2 )
sourse

| < |

cathode
/ \ ze -
containin as
CO2 €02 ,02 gjg CO2 removed gas
I

Fig.1 Schematic drawing of CO; separation using molten carbonate
electrolytic cell.

The reaction (2) is the reverse of (1). Raw gas is introduced into the
cathode and carbonate ions are formed. Carbonate ions move from
the cathode to the anode. CO, and O, are produced by the
decomposition of carbonate ions at the anode with a ratio of 2:1.
Therefore the concentration of CO, at the outlet is 67 %. And 33 %
0, is obtained theoretically, that means the concentration of O, is

also increased in this process. The theoretical potential difference
Ur for reactions (1) and (2) is expressed as follows,

Ur = (RT/2F)In(Pc0y)Posm)/PcoyPose”)  (3)

Where (a) and (c) indicate the anode and cathode, respectively. When
oxygen pressure is the same at the cathode and anode at 923 K. Only
0.09 V is required for 10 times concentration of CO,. In this process,
the over potential arising from electrode kinetics and resistance of the
electrolytic cell are key factors for the practical application. Then we
attempted to confirm the concentration of CO, in this study.

Experimental

Cell components of the electrolytic cell are shown in Fig. 2.
SUS310S was used for housing material and the current collector was
SUS316L. The electrolytic matrix was LiAlO, and the electrolyte is
carbonate mixture.

cell housing SR

current collectorj .

ig.2 The example of small Cell omponents.
The electrolyte plates and electrodes were formed by tapecasting.
Both electrodes consist of porous NiO that oxidized and lithiated
with carbonate. These components specifications are described in
Table 1. We can make over 1m’ size of these parts. Cell operating
conditions are indicated in Table 2.

Parts
Material

Cathode
NiO(porous)

Anode
NiO(porous)

Electrolyte plate
Li,CO3/K,C0O3=70/30(electrolyte)
LiAlO2(Matrix)

Table 1. Cell component specifications.

Result and Discussion

During electrolysis, the example of gas composition of
anode outlet is shown in Table 3. The concentration of CO, in
Cathode inlet is closed to the value of the exhaust gas from
electric power station. Anode outlet gas was always maintained at
CO, 66.7 %, O, 33.3 %. CO, concentration in the anode outlet gas
was 130 times higher than that of cathode inlet gas in our cell test.
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This composition is equal to the theoretical value determined based
on the stoichiometric ratio of carbonate ion decomposition at the
anode. Further more in this case, increase of O, concentration is also
possible. The flow rate of anode outlet gas agreed with the theoretical
flow rate calculated from the cell current. Therefore it was found that
the current efficiency for CO, separation was almost 100 %. At 150
mA/cm® of current density, approximately 1 cm® CO, separates per
lem? electrode area from the cathode to the anode.

Temperature 923 K
Pressure 0.1Mpa
Cathode gas flow rate (inlet) 300 cm/min
Anode gas flow rate (inlet) 0 cm’/min
Current density 0~150 mA/cm?

Table 2. Condition of cell test
Sampling 02(%) N2(%) CO2(%)
position
Cathode inlet 20.9 70.6 0.5
Anode outlet 333 0 66.7

Table 3. the example of gas composition of cell
The cell voltage, which actually decided the efficiency, significantly

depended on current density during electrolysis. This relation is
shown in Fig. 4 .

0.4

e
%

Applied voltage / V
= =
—_ [
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S
>

50 ' 100 150
Current density /mA cm™

Fig.4 1-V curve of CO2 separation at 923K. The gas composition of
Cathode is O2/N2/C02=19/71/10

The cell voltage includes potential difference of both electrodes
gases, over potential of the electrodes reactions and internal
resistance of the cell (IR loss). IR loss of the cell was obtained by
internal resistance and current. Therefore over voltage (Up) of
reactions may be determined by subtracting potential difference (Ur)
for CO, concentration from equation (3) and IR loss (U ) from total
cell voltage (U) by the equation (4):

Up:U-Ur-UIR (4)

From equation (4), the sum of over voltage due to cathode and
anode reactions was 200 mV. These result shown in Fig.5.

0.4
[ :overvoltage(Up)

> 0.3} | 1 :potential difference(Ur)
3 [J:IR-loss(UR)
F02
]
>
3 0.1
Q

00 50 100 50

Fig. 5 Constitution of cell voltage for electrolytic CO2 separation at
923K. The gas composition of Cathode is 02/N2/C02=19/71/10

Conclusion

CO, separation and concentration were confirmed to occur in a high
temperature electrolysis cell using molten carbonate and NiO
electrodes. Current efficiency was almost 100 % and stoichiometric
gas composition at the anode outlet was obtained.
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Introduction

Among various proposed sequestration options, injection of CO,
into confined geologic formations-in particular, saline aquifers-is one
of the most promising alternatives. In general, CO, can be stored by
hydrodynamic trapping, which traps the CO, into flow systems for
geological periods of time. The most important concern of
hydrodynamic trapping is the potential for CO, leakage through
imperfect confinement. In addition, mineral trapping, which involves
a series of interactions between the formation mineralogy and CO,-
enriched formation waters, can convert CO, to an immobile and
harmless carbonate mineral form that can be stored for millions of
years.l'2

Various carbonates such as calcite, magnesite, dolomite, and
siderite can be formed in the brine aquifer by mineral trapping.
Conversion of CO, to stable carbonate minerals is expected to be
slow. A computer simulation of the mineral trapping process (kinetic
water-rock reaction model) was conducted under reservoir conditions
by the Alberta Research Council, Canada.” These authors calculated
times for precipitation of the various carbonates are on the order of
hundreds of years. The extended long time required for mineral
trapping is the major drawback of this process.

Several researchers® have conducted mineral trapping studies.
Sass et al., * studied CO, and brine reactions over rocks for 7 days at
a pressure of 800 psi and 110 °C. They found increased levels of
calcium, magnesium, and carbonate in solution, which they
interpreted as the dissolution of dolomite. They interpreted decreased
brine concentration of calcium and sulfate as evidence for anhydrite
precipitation. However, no extensive studies of the interaction
between CO, and brine have been reported. The objective of this
paper is to examine the feasibility of conducting mineral trapping of
carbon dioxide with brine solution reactions in an autoclave reactor.

Experimental

Three different brine samples were used in this study. One was
from a brine treatment facility located in Creekside, PA, which was a
composite sample. A second sample was collected from the
Oriskany formation in Indiana county, PA. In addition, brine
obtained from Oklahoma was also used.

Brine carbonation experiments were carried out in a %2 liter
autoclave (Hastelloy C-276) manufactured by Progressive Equipment
Corp. In a representative experiment, 180 ml of brine was charged
into the reactor. The reactor was sealed, and purged/evacuated with
carbon dioxide three times. Finally, a predetermined amount of CO,
was charged into the reactor to the desired testing pressure (450 or
650 psi). The brine/CO, mixture was agitated at 400 rpm during
both heating to the desired temperature (155 °C) and testing to
prevent any settling of precipitate. At the completion of each test, the
remaining CO, was vented, and the slurry was removed from the
reactor and filtered to separate solids from the aqueous solution. A
digital pH meter was used to determine the pH values of pre- and
post-product solutions. The brine was used either as received or its
pH was adjusted before the reaction by adding KOH. The starting
brines and brine products were prepared for analysis by filtration
through a 0.45 um membrane using a water aspirator. The collected

solids were rinsed with deionized water on the membrane and dried
in a nitrogen-purged oven at 110 °C. Metal concentrations were
determined using inductively coupled plasma - atomic emission
spectroscopy (ICP-AES) on a Perkin Elmer Optima 3000 ICP
spectrometer.

Results and Discussion
Table 1. Carbonation Results for Brine Obtained from
Creekside, PA

units Raw Rxn 1 Rxn 2
Reaction 155 °C, KOH was
Condition 950 psi added to
CO,,400 | adjust the pH
rpm, 3 hrs | t0 9. 155 °C,
690 psi CO,,
400 rpm, 1 hr
Liquid pH 32 - 3.8
Ba mg/liter | 663 556 534
Ca mg/liter | 16120 19120 15700
Mg mg/liter | 2098 2540 2210
K mg/liter | 177 212 7040
Na mg/liter | 53800 58240 53200
Fe mg/liter | 117 65 15800
Solid g none 0.38 0.0293
Ba ug/g N/A 117 57
Ca ug/g N/A 40000 2400
Mg ug/g N/A 13500 19500
K ug/g N/A 3790 1090
Na ug/g N/A 109000 N/A
Fe ug/g N/A 230000 331000

The scoping experiments on brine carbonation were conducted in
two different ways. The reaction was conducted either with brine as
received and CO, (Rxn 1) or after the pH of the brine was adjusted
before reaction with CO, (Rxn 2). Results of the solids and solution
analyses before and after reaction are shown in Tables 1, 2 and 3 for
Creekside, PA; Indiana county, PA; and Oklahoma brines,
respectively.  The initial brine compositions are also shown for
comparison with various reacted mixtures. In general, the changes
of compositions in solution before and after the reaction were small.
However, the amount of solid precipitated and the composition of
solids varied with the reaction conditions utilized.

For the case of Creekside brine, the raw brine was very acidic with
a pH value of 3.2 (Table 1). The reaction between the brine and CO,
under the reaction conditions of Rxn 1 resulted in the precipitation of
0.38 gram of solids. Adjusting the pH of brine to 9 (Rxn 2) before
reacting with CO, resulted in a lesser amount of solid precipitate
(0.0293 g). The composition of the solids also varied with the
reaction conditions. Under the conditions of Rxn 1, the precipitates
were high in Na, Fe and Ca. However, under the reaction conditions
of Rxn 2, the precipitation of Ca was significantly reduced by a factor
of 10. Furthermore, the concentration of Fe in the precipitate
increased from 230,000 to 331,000 pg/g in going from Rxn 1 to Rxn
2.

The results for brines collected from Indiana county, PA and the
Oklahoma showed similar trends (Tables 2 and 3). More solids were
precipitated when the pH of the brines was modified before reaction.
The major elements present in the solids under reaction conditions
Rxn 1 were Ca, Na, and Fe. However, after the pH was adjusted
prior to reaction Rxn 2, the concentrations of Na and Fe in the
precipitated solids were reduced by a factor of 100. Moreover, the
concentration of Ca in the precipitated solid increased by a factor of
10.
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About 53,300 ng/g of Barium were observed in the precipitated
solid under the reaction conditions of Rxn 1 for the brine obtained
from Indiana county, PA. The exact form of Ba is still under
investigation. However, under the reaction conditions of Rxn 2, the
concentration of Ba in the precipitate was significantly reduced from
53,300 to 1390 pg/g.

In general, the net increase in total solid precipitation could be
attributed to the precipitation of mineral matter (primarily calcium,
but may include carbonates, sodium and other minerals) during the
reaction. It is important to note that values of alkalinity and pH in
Tables 1, 2, and 3 might not be representative of actual conditions
while the experiments were in progress.

Table 2 Carbonation Results for Brine Obtained from Indiana
County, PA

units Raw Rxn 1 Rxn 2

Reaction 155 °C, KOH added to

Condition 900 psi adjust pH to 11,
CO,, 400 | 155 °C, 670 psi
rpm, 1 hr | CO,, 400 rpm, 1

hr

Liquid pH 3.9 3.6 3.9

Ba mg/liter | 1070 1060 1030

Ca mg/liter | 35000 34900 29500

Mg mg/liter | 2250 2250 2040

K mg/liter | 2600 2620 13800

Na mg/liter | 70400 70200 69100

Fe mg/liter | 234 188 1

Solid g 0.02 0.048 2.069

Ba ue/g 1570 53300 1390

Ca ue/g 34900 49100 341000

Mg ue/g 2010 3000 2710

K ue/g 3250 2020 63

Na ue/g 59900 47200 552

Fe ue/g 311000 | 119000 16700

Significant amounts of sodium along with some aluminum (not
shown in Tables) were found for all brine tested under the reaction
conditions of Rxn 1. However, the concentration of sodium
precipitated under the conditions of Rxn 2 was reduced by a factor of
1000 for all brine tested. It was speculated that the sodium
precipitated might be related to the formation of dawsonite
(NaAICO5(OH),).> In general, calcium, precipitated under the
reaction conditions of Rxn 1 was probably in the form of calcium
carbonate.  The same general behavior was observed for brines
obtained from Indiana county, PA and Oklahoma. The observation
that significantly less calcium precipitated under the reaction
conditions of Rxn 1 could be attributed to the pH of the brine solution
remaining too low to stabilize a carbonate mineral. In subsequent
experiments, a pH buffer (KOH) was added to control the pH. As a
result of the pH increase, about 10 fold more calcium precipitated
under the conditions of Rxn 2 than that of Rxn 1. However, an
opposite behavior in Ca concentration was observed for the brine
collected from Creekside, PA. Magnesium, precipitated during the
reaction is probably in the form of magnesium carbonate. Its
precipitation is not affected by the variation of pH. Siderite (FeCOs)
was observed in the precipitated solids. Significant siderite was found
under the reaction conditions of Rxn 1 for the Oklahoma brine and
brine obtained from Indiana county, PA. As the pH increased,
siderite precipitation was drastically reduced. The opposite trend was
found for the Creekside, PA brine. The pH of brine has a significant
effect on the carbonation reaction. For the mineral trapping
processes to occur, the following reactions have to proceed:

CO, (gas) -> CO, (aq); CO, (aq) + H,O -> H,COs;

H,CO; -> H' + HCO;; HCOs- -> H+ + CO; >

Ca™ + CO; ¥ --> (CaCOs); Ca*™ + Mg" + CO3 * --->CaMg(CO;),
Fe™ + CO;% --->FeCOs; Mg™+ CO3% -->MgCO;

Table 3. Carbonation Results for Brine Obtained from OK

units Raw Rxn 1 Rxn 2
Reaction 155 °C, KOH was added
Condition 900 psi to adjust the pH
CO,, 400 | t0 9.2, 155 °C,
rpm, 1 hr | 670 psi CO,,
400 rpm, 1 hr
Liquid pH 5.5 4.5 5
Ba mg/liter | 323 338 321
Ca mg/liter | 10700 11200 9525
Mg mg/liter | 1965 2050 1975
K mg/liter | 525 559 3475
Na mg/liter | 52400 54700 53100
Fe mg/liter | 3 3 1.5
Solid g 0.0586 | 0.046 0.4846
Ba ugl/g 1410 1215 1630
Ca ug/g 23300 33900 326000
Mg ug/g 4150 6720 4690
K ug/g 1165 1750 45
Na ug/g 51000 150000 1440
Fe ug/g 56200 677000 6130

The pH along with other factors have an impact on these
reactions. At low pH, H,COj; (carbonic acid ) dominates; at mid pH,
HCO;- (bicarbonate) dominates; and at high pH. CO3 % (carbonate)
dominates. Temperature and pressure also play an important role in
determining the solubility of CO, in solution. Aqueous-phase
equilibration with CO, (g) promotes carbonate precipitation, while
acidic conditions favor carbonate dissolution. Therefore, increased
pH favors carbonate precipitation. The actual effectiveness of brine
carbonation probably depends on the initial concentration of
carbonate forming cations within the brine and the pH of the brine.

Conclusions

A study of mineral trapping (under temperature and pressure) in
an autoclave reactor with the brine solution has been initiated by
NETL. Three different brines were tested in a 1/2-liter autoclave
under various conditions. Preliminary results indicated that the
mineral species and amounts of solid precipitated depend on the
source and the pH of the brine.
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Introduction

Although the global warming problems may be one of the most
crucial matters that will threat the future existence of human beings,
the steps for solving are late. Main reason for the delay is said to lie in
economical problems. For instance, if we recovered CO2 from a
thermal electric power station and sequestrated it in an isolated place
we would lose 40% of the total energy produced. Among many cost
factors the separation cost accounts for main part. So far several
methods, like the amine absorption method or the zeolite adsorption
method, have been presented but in those methods we must use
expensive chemicals.

Recently the separation technology using hydrates is attracting
many concerns, where necessary chemicals for separation are mere
water which exists everywhere and is obtained effortlessly. So the
hydrate separation technology has a potential as an alternative method
since its cost could be low if an appropriate process was developed. In
this paper the results of cost estimation is presented when applying the
hydrate separation technology to the case of CO2 separation at the
thermal electric power station.

Separation mechanisms by hydrates

The basic phenomenon that explains the reason why hydrates can
separate the specified constituent from mixed gases is demonstrated in
Figure 1. The constituent is separated as the solid solutions.
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Figure 1. The separation mechanism of the specified constituent from
mixed gases by hydrates.

If the mixed gases were compounded of the components that
formed hydrates and the components that could not make hydrates,
the former components would be captured in hydrates’ cages and the
latter components should be left in the mixed gases.

In addition intermolecular force between the gas molecule in the
cage and water molecules that surrounding the gas molecule is
different among gas components, so the specified constituent exists
excessively in the hydrate phase.

The mole fraction of each component in hydrate phase depends
basically upon the fugacity of each component in the gas phase and
the intermolecular potential between the gas molecule and water
molecules when they take the hydrate structure. The flue gases from
the thermal electric power station contained mainly CO,, N,, O,, and
H,O. Although these components all can make hydrates, but the

intermolecular potential is different each other, that enables us to
separate CO, from other components. The comparison of the
intermolecular potential is indicated in Figure 2. The potential well
depth of CO, is deeper than that of other components and it means
that CO, makes hydrates in more moderate condition than others.
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Figure 2. The intermolecular potentials of CO,, Ny, and O,.

Hydrate separation process

A simple outline of the hydrates separation process is
demonstrated in Figure 3. Hydrates are generally formed in high
pressure and low temperature conditions. At first the pressure of flue
gases is increased up to 20 atm by the compressor. At the same time,
the temperature rises up to almost 560°C owing to the work given.
This extra heat is recovered at the heat exchanger and utilized to
rotate turbine blades in the gas turbine. At the next stage, flue gases
are cooled down to 4°C, and then conveyed to the hydrate formation
chamber where flue gases make hydrates in contact with sprayed
water. The formation heat of hydrates must be removed from the
chamber. Then hydrates are carried to the separator and decomposed
to water and gases again. The heat of decomposition is supplied from
sea water.

Condenser Formation
exchanger chamber

Separator

148°C. latm
Figure 3. The outline of hydrates separation process.

Composition of flue gases. Main constituents of flue gases are
CO,, N,, O,, and water after eliminating NOyx and SOx. The mole
fraction of CO, differs according to the type of the electric power
station. In case of a coal fired power station the mole fraction of CO,
is almost 0.15. While in a natural gas fired power station this figure is
relatively low. In this estimation the mole fraction of CO2 in flue
gases is assumed to be 0.1. The composition of flue gases is

Fuel Chemistry Division Preprints 2002, 47(1), 77



summarized in Table 1. The temperature of flue gases is set at 50. and
pressure 1 atm. The flow rate of flue gases is guessed at 1 M Nm’/h.

Table 1. The Composition of Flue Gases

Mole Molar Feed Rate
Fraction | Weight kmol/h Nm’/h t/h
CO,(g) 0.10 44.010 4,464 100,000 196
N,(g) 0.79 28.010 35,268 790,000 988
0O,(g) 0.04 32.000 1,786 40,000 57
H,O(g) 0.07 18.020 3,125 70,000 56
Flue Gases 1.00 29.070 44,643 1,000,000 1298

Compression of flue gases. The flue gases must be compressed
to achieve the pressure sufficient to make hydrates. This pressure
differs according to the temperature, the composition of flue gases,
and whether hydrate promoters exist or not. In this estimation
necessary pressure is assumed to be 20 atm.

The temperature of flue gases increases with compression. For
simplicity adiabatic compression is adopted. The temperature of flue
gases alters from 50°C to 569 °C.

The energy that needs to compress the flue gases can be
calculated by the enthalpy difference after and before compression.
Mole heat capacities of each component and the mean value of the
flue gases are indicated in Table 2 and results of enthalpy calculation
are summarized in Table 3. Necessary energy for the compression is
681,637MI/h.

Table 2. The Mole Heat Capacity of CO,, N,, O,, H,O, and Flue

Gases
Mole Cp J/(K mol)

Fraction a 10°b 10°%
CO,(g) 0.10 26.748 42.258 -14.247
N,(g) 0.79 27.016 5.812 -0.289
0,(2) 0.04 25.594 13.251 -4.205
H,0(g) 0.07 30.204 9.933 1.117
Flue Gases]  1.00 27.155 10.043 -1.743

Table 3. The Enthalpy Change of Flue Gases at the Compressor

a 10°b 10%

27.155 10.043 -1.743
T, (K) T, (K) a, AT b2 AT | /3. AT® | q.3moL b
323 842 14,094 1,353 -81 15,365

Cooling of flue gases. The high temperature of flue gases due
to compression must be decreased to the sufficient low temperature to
make hydrates. Flue gases are cooled by two steps.

In the first stage the temperature is decreased to 40°C at the heat
exchanger by utilizing the off gases (4°C, 20 atm) from the hydrate
chamber. This recovered energy is utilized to rotate the gas turbine of
the compressor. In the second stage the temperature of 40°C falls
down to 4°C. Here brine is used as the coolant. The recovered energy
at the heat exchanger is calculated as the difference of enthalpy of
gases before cooling and after cooling. Necessary data for the
enthalpy calculation and results are indicated in Table 4. The
recovered energy is 575,000MJ/h.

The removed energy at the condenser is also estimated as the
enthalpy difference of flue gases. Data used in the calculation and

results are shown in Table 5. In this process the heat of condensation
of water must be also considered. The enthalpy change due to
condensation is 134400MJ/h and that due to cooling is 43400MJ/h, so
total enthalpy change at the condenser is 177800MJ/h.

Table 4. The Enthalpy Change of Flue Gases at the Heat

Exchanger
a 10°b 10%
27.155 10.043 -1.743
T, (K) T, (K) a. AT b/2. AT | ¢/3.AT’ | q.3/mol.h)
842 313 -14,365 1,405 86 -12,874

Table 5. The Enthalpy Change of Flue Gases at the Condenser

a 10° 10%
27.155 10.043 -1.743
T, (K) T, (K) a AT b2, AT> | ¢/3.AT? | a.3/molh)

313 277 -978 7 0 -971
Formation of CO, hydrates. After compression and cooling,
flue gases are transported to the hydrates formation chamber where
flue gases contact with water and make hydrates. The mole fraction of
CO, in the hydrate phase is higher than that in flue gases. The
recovery rate of CO2 is assumed to be 3844kmole/h.

To continuously make hydrates the heat of formation must be
removed from the hydrate chamber. For this purpose brine is utilized.
If the heat of formation of hydrates is assumed to be 63kJ/mol, total
heat that should be removed from the chamber is 242,200MJ/h.

Dissociation of CO, hydrates. After CO, is separated from flue
gases as hydrates at the hydrate formation chamber, CO, hydrates are
transported to the separator, where CO, hydrates are dissociated to
water and gaseous CO, again. It is also possible to send CO, hydrates
to the deep sea bottom without dissociation. The heat is 242,200MJ/h
that needs to decompose hydrates.

Cost estimation

Results of the thermodynamic analysis of the process enable us to
estimate capacities, sizes, abilities, and so on of necessary equipments
like the compressor, the heat exchanger, the hydrate formation
chamber, and so on. According to these specifications the cost of
facilities can be decided. Also energy cost can be calculated. Final
results of the cost estimation are summarized in Table 6. In this table
the cost of the amine absorption method is also shown for comparison.
It is concluded that the hydrates separation method has enough cost
competitive position.

Table 6. Results of Cost Estimation

Hydrates Amine absorption
yen/kg-CO, yen/kg-CO,
Depreciation cost 1.02 0.65
Repair & Supplies 0.27 0.17
Labor cost 0.09 0.09
Energy cost 4.18 5.03
Total cost 5.56 5.94
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Introduction

Increasing awareness of the possible influence of greenhouse
gases on global climate change has led to recent efforts to develop
strategies for the reduction of carbon dioxide (CO,) emissions.?
One such strategy that has received a great deal of attention involves
the capture of CO, from large point sources (such as fossil fuel-fired
power plants) and the long-term storage underground or in the ocean.
The CO, capture step is expected to make up the majority (up to
75%) of the expense for a carbon sequestration process.?

Although there are severa different methods that have been
proposed for the capture and separation of CO,, the only method that
has been proven to work on an industrial scale is chemical absorption
using monoethanolamine (MEA) as a solvent.? In this method, MEA
absorbs CO, through chemical reaction in an absorber column. Since
the reaction is reversible, the CO, can be driven off by heating the
CO, rich amine in a separate stripper column. The MEA may be
recycled through the process. For the low CO, partial pressure
present in flue gas, aternative methods of CO, remova are less
efficient and more expensive than chemical absorption.?

A major problem associated with chemical absorption using
MEA is the degradation of the solvent through irreversible side
reactions with CO, and other flue gas components.3*® This leads to
numerous problems with the process. First, degradation of MEA
results in solvent loss, requiring the replacement of up to 8 pounds of
MEA per ton of CO, captured.® It is also known to lead to foaming,
fouling, and increased viscosity of the amine. In existing CO,
capture facilities, the degradation products are separated in an
evaporative reclaimer and disposed of as hazardous chemical waste.

In the case of carbon sequestration, the most significant problem
presented by MEA degradation is associated with increased corrosion
caused by the degradation.® In order to keep machinery corrosion
rates at an acceptable level, the concentration of MEA must be kept
low (typicaly under 20% for coal boilers and ~30% for natura gas-
derived flue gas and then only if corrosion inhibitors are employed).
Low MEA concentration reduces the effectiveness of the solvent,
necessitating large equipment sizes and faster circulation rates. In
addition, more energy is required in the stripping column in order to
regenerate the amine.” Thisincreased “parasitic load” is of particular
concern for carbon sequestration. In addition to being an additional
cost, producing this extra energy leads to increased CO, emissions,
which decreases the overall benefit of sequestration.? A sensitivity
analysis indicates that increasing the concentration of MEA to 70%
will cut the parasitic load on a power plant by more than half.”

The current study is aimed at developing an increased chemical
understanding of MEA degradation processes. Increased insight into
the mechanisms and chemical pathways associated with MEA
degradation may result in decreasing or eliminating its negative
effects. There have been severa previous studies on reactions of
akanolamines with 0,,° CO,,® COS2 or CS,.° Most of these studies
were aimed at understanding natural gas sweetening processes, and
all were conducted under laboratory conditions. However, in flue gas
from a fossil fuel-fired boiler, the process becomes much more
complicated due to the presence of a mixture of CO,, O,, CO, SO,,
NO,, fly ash, and other constituents. The degradation processin this

case remains poorly understood, particularly under conditions that
are common to power plants.'°

Experimental

The IMC Chemicals Fecility in Trona, Californiais a plant that
has been performing CO, capture from flue gas since 1978. CO, is
separated from flue gas of a coa-fired boiler, which is used to
produce electricity. In this case, the captured CO, is used for
carbonation of brine from Searles Lake, Cdifornia for the
commercia production of sodium carbonate. For the current study,
MEA samples were obtained from this plant in order to identify the
degradation products from the CO, separation process. Three
samples were obtained: (1)virgin concentrated MEA, (2)“lean” MEA,
taken before the CO, absorption step, and (3)reclaimer bottoms,
which represents the still bottoms that remain after the amine is
distilled to remove the degradation products.

In order to identify the volatile organic compounds in the
samples, each mixture was separated and analyzed using combined
gas chromatography-mass spectrometry (GC-MS) and combined gas
chromatography-Fourier transform infrared absorption
spectrophotometry (GC-FTIR). Two separate gas chromatographic
columns were used for separation. Thefirst wasa60 m x 0.32 mm .
d. fused slica column coated with a 0.25-um film of 14%-
(cyanopropyl-phenyl)-methylpolysiloxane (DB-1701 from J&W
Scientific). This column was temperature programmed from 35 to
280°C at 1 C%min. The second column, a 60 m x 0.25 mm i. d.
column coated with 0.25-um modified polyethylene glycol (Nukold
from Supelco), was temperature programmed from 50 to 200°C at 5
C°min. Helium carrier gas was used with initial linear velocities of
40 and 36 cn/s, respectively. In both cases, samples were introduced
via a split injector held a 250°C. GC-MS experiments were
performed using an HP 5973 mass sel ective detector (M SD) and GC-
FTIR experiments employed an HP 5965A infrared detector (IRD).

In addition, precise molecular masses of the organic compounds
were obtained using low voltage high-resolution mass spectrometry
(LVHRMS). Mass spectra were acquired on a Kratos MS-50 high-
resolution mass spectrometer. In this experiment, the samples were
introduced to the ion source directly without prior separation.

Inorganic ionic species were identified using ion
chromatography (IC) as well as combined inductively coupled
plasma-atomic emission spectroscopy (ICP-AES). IC experiments
were performed for anions using a Dionex DX-100 lon
Chromatograph equipped with a conductivity detector.  The
analytical column used was an lonPac CS14 (4 mm), and the guard
column was an lonPac AG14 (4 mm). The eluent was 3.5 mM
sodium carbonate/l mM sodium bicarbonate, at a flow rate of 1.2
mi/min. A self-regenerating ASRS-Ultra (4 mm) suppressor was
used. ICP-AES experiments were performed using a Perkin Elmer
Optima 3000 to measure trace metal concentrations.

Also, andyses were performed to determine the total
nitrosamine concentration in each sample by a technique described
elsewhere.™!

Results and Discussion

Since the focus of this study was on the MEA degradation
products, the reclaimer bottoms sample, where these products were
concentrated as a result of distillation provided the most important
information. Organic compounds that were identified are listed in
Table 1 along with the methods of identification. An “x” in the GC-
MS or GC-FTIR column indicates a positive match from an
electronic search of either MS or FTIR libraries. MSlibrary searches
were performed using the NIST/NIH/EPA Mass Spectral Library.
FTIR searches were performed using the FTIRsearch.com service.
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The LVHRMS column indicates whether a match within 0.003 amu
of the mass of the indicated molecule was present in the mass
spectrum of the entire sample.  Also included in Table 1 is an
indication of the column used for the experiment in which each
compound was detected. The % of total area refers to the integrated
peak area from the total ion chromatogram as a percentage of the
total signa intensity for each chromatogram. Other than the MEA,
none of the peaks identified in Table 1 were present in identica
experiments performed on the virgin MEA.
Table 1. Identified organic compounds from

M EA reclaimer bottoms
method of identification GC colum

Yeof total area

pesk compound GC-MS GC-FTIR LVHRMS DB-1701 Nukol DB-1701  Nukol

1 N-acetylethanolamine (C4HgNO,) X X X X 88 628

2 N-glycylglydine (C4HsN,Os) X X X <0.01

3 N-(hydroxyethyl)-succinimide X X X x 016 *
(GsHNO,)

4 N-(2-hydroxyethyl)-lactamide X X X X 0.07
(GHuNO,)

5 1-(2-hydroxyethyl)-2-imidazolidinone  x X X 024
(CsH1oN,Oy)

6 N,N-diacetylethanolamine X X X 21.83
(GHuNO,)

7 ammonia (NHz) X X 010

8 acdicadd (CH40,) X X X 202

9 propionicacid (CHeO,) X X 030

10 n-butyric acid (C4HgO) X X X 0.01

11 monoethanolamine (C;H;NO) X X X X X * 3518

12 2,6-dimethyl-4-pyridinamine X X X 0.05
(CrH1N)

13  2-imidazolecarboxa dehyde X X X 0.05
(GHIN0)

14 1-methyl-2-imidazolecarboxadehyde  x X X 017
(GsHsN20)

15 2-oxazolidone (CsHsNOy) X X X 0.80

* Area percentage not ca culated dueto overlgp with other pegks

Peaks 5 and 15 are known degradation products of MEA
resulting from reaction with CO,° but are relatively minor
components. Carboxylic acids (pesks 8,9, and 10) have been
previously identified as products of oxygen induced MEA
degradation.® The acetylated MEA components (pesks 1 and 6) are
the most abundant degradation products, and are believed to be the
result of reaction between acetic acid and MEA.

The results of the ICP-AES and IC anayses are shown in Table
2. ICP-AES measurements were made for 23 different metal cations.
Shown are seven metals that were present at no less than 0.2 ppm
concentration in either of the two samples. Most prominent is the
sodium concentration, mostly due to the sodium carbonate added to
the reclaimer in order to regenerate MEA that has been converted to
its protonated (acidic) form. Other metals are believed to originate in
large part from the coa. In addition, mercury was found to be
present in the reclaimer bottoms at 1.0 ppb and was not detectable in
thelean MEA (<0.02 ppb).

Anion concentrations are al relatively higher, with chloride
being the most significant at 4.9% (wt.). The halogens present in the
samples are thought to be present as a result of simple acid/base
chemistry between mineral acids (HX where X is any halogen)
present in the flue gas with MEA to form “heat stable sdlts’. HX is
the combustion product of halogens present in the feed coa. Also,
note that, with one exception, the concentration of various anions is
greater in the reclaimer bottoms than in the lean MEA. Thisis what
would be expected, since the purpose of the reclaimer is to remove
contaminants from MEA and concentrate them in the bottoms. The
exception is the sulfate, which is an order of magnitude more
concentrated in the lean MEA than in the reclaimer bottoms. It is
thought that the concentration of sulfate in the reclaimer bottoms is
limited by solubility factors.

Nitrosamines are known carcinogens that are formed by a
reaction between an amine with a nitrogen oxide. Nitrosamines were

found to be present at a concentration of 580 ppm in the lean MEA.
This is believed to be due to reaction between MEA and nitrogen
oxides from the flue gas. There was not a detectable amount of
Nitrosamines in the reclaimer bottoms, likely due to their low boiling
point.

Table 2. 1on Concentrationsin ppm

Lean MEA Reclaimer Bottoms
Cations
Sodium 80 821
Potassium 22 18
Calcium 11 13
Iron 14 11
Copper 0.2 0.1
Zinc 0.3 0.2
Aluminum not detectable 0.4
Selenium not detectable 174
Arsenic not detectable 17
Anions
Fluoride 300 1500
Chloride 1600 49000
Bromide 0.9 80
Sulfate 2200 250
Nitrate 290 3100
Nitrite 130 *x
Phosphate 7.8 230

** not quantified due to overlap with chloride peak
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Introduction

The United States may soon be focusing national attention on
processes and activities that mitigate the release of CO, to the
atmosphere and, in some cases, may remove CO, from the
atmosphere. As we invest nationa resources to these ends, it is
important to evaluate options and invest wisely. How can we apply
consistent standards to evaluate and compare various CO,
sequestration technologies? A standard methodology that considers
all the carbon impacts is needed. This would be useful for policy
makers to understand the range of options and for technology
developers and investors to guide investment decisions. It would
aso serve as a source of information for caculations or estimations
of carbon creditsin afuture credit trading system.

The performance objective for a sequestration technology is not
necessarily zero emission of CO, but rather a reduction compared
with the baseline of current practice. To make sure that al carbon
aspects are considered, care must be taken to ensure that there are no
hidden emissions when making an alteration from the baseline. The
fundamental question underlying an analysis of merit of a process or
alteration of aprocessisasfollows:

How much CO, is generated as a result of the sequestration
process, and what is the sequestered carbon’s ultimate fate?

Both inputs and outputs must be considered to obtain a total
picture. When we speak of carbon sequestration in this manuscript,
we refer to al greenhouse gas sequestration measured in carbon
dioxide or carbon equivaence (CE). The carbon dioxide equivalence
is also caled the Global Warming Potential (GWP). A complete list
of GWP values has been prepared by IPCC.!

To address our objective, we have developed and elaborated on
the following concepts:

« All resources used in a sequestration activity should be reviewed
by estimating the amount of greenhouse gas emissions for which they
historically are responsible. We have done this by introducing a
quantifier we term Full-Cycle Carbon Emissions (FCCE), which is
tied to the resource or product.?

« The future fate of sequestered carbon should be included in
technology evaluations. We have addressed this by introducing a
variable called Time-Adjusted Value of Carbon Sequestration
(TVCYS) to weigh potentia future releases of carbon, escaping the
sequestered form.

e The Figure of Merit of a sequestration technology should address
the entire life cycle of an activity. The figures of merit we have
developed relate the investment made (carbon release during the
construction phase) to the lifetime sequestration capacity of the
activity.? To account for carbon flows that occur during different
times of an activity, we incorporate the Time Value of Carbon Flows.

In this short preprint we limit ourselves to discussing the
development of TVCS and how it relates to FCCE.

Results
Future carbon emissions occurring from sequestered carbon
should be considered when evaluating different sequestration

approaches. To determine the FCCEs for streams that will cause
carbon emissions in the future, we introduce the Time-Adjusted
Vaue of Carbon Sequestration (TVCS). One way to estimate this
value is to employ our globa climate models to predict changes in
atmospheric CO, levels as aresult of sequestration and future release
from sequestered carbon. This would be a labor-intensive task.
Moreover, if an individual sequestration effort is moderate, it will be
considered merely as noise in existing global models. We propose
another approach—to start by defining a sequestration duration goal
that will serve as a metric for future reference. For example, we may
chose to use 200 years as our goal for sequestration. In this scenario,
if we sequester 2 megatons of carbon (2 MtC = 7.4 Mt of CO,) today
and are able to keep it sequestered for at least 200 years, we should
receive full value (100%) for the activity. If we have partial or full
release in less than 200 years, we are not doing as well and the value
isless. The question is this: how do we evaluate different carbon
release profiles and determine their proper values?

Consider the graphs in Figure 1la-1d, in which several value
curves have been constructed based on the instantaneous rel ease of 2
Mt of sequestered carbon sometime in the future. We will later
consider partial release over time. Figure la shows a scenario that
does not give any value (or credit) to a sequestration of less than 200
years. Figure 1b takes a more gradua approach by applying a
straight-line model. Here, if we instantaneously release all the carbon
at any time before 200 years (e.g., 150 years), we would get fractional
credit (e.g., 150/200x2=1.5 MtC). To give proportionally more
credit to longer sequestration periods, we can construct a curve as in
Figure 1c. Here we emphasize that there is increasingly more value
in focusing on technologies that will keep the carbon sequestered
longer, thus discouraging activities with potential quick release. It is
clear that this third approach is very sensitive to prior knowledge
about the future release, especially for the years close to year 200.
To counter this, we may choose to use a fourth approach (Figure 1d)
which suggests that we should consider short-term solutions
favorably while recognizing that future predictions are hard to make.
In al the cases, we have chosen to give full credit, or value, to
sequestration past 200 years (or whatever metric we select asagoal).

It should be pointed out that al the curves drawn in Figure 1
were constructed using the same basic equation, namely (for y < Y)

Value = (Amount of Carbon Released)x E(lﬂ)y 1% , (0]

1+i) -17
where i is the penadty interest rate, y is the number of years
sequestered, and Y is the sequestration goal (expressed in years).
This equation is of the same type as interest rate functions but has
been normalized by the expression in the denominator so that the
function takes a value of 1 (one) when y = Y. The different curve
shapes constructed in Figure 1 were obtained by changing the penalty
interest rate from 500% to 0.01% to 3% to —3% for Figure 1a, 1b, 1c,
and 1d, respectively. We propose the following abbreviated
expression for the modifier:

V =RxTVCS(i,y,Y) , %)
where V is the value of carbon sequestration and R is the amount of
carbon released.

The preceding example showed how to pendize (or discount)
the maximum sequestration value for discrete releases of the
sequestered carbon; however, it is more likely that future carbon
release from an activity is predicted via a mathematical expression
(e.g., a haf-life constant). In this case, Equation 2 is modified to
yield the time-integrated value,

V=S —}R(y) x(L-1VCS(i,y,Y))dy 3
0
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where S¢ is the net amount of carbon initially sequestered and R(y) is
the release profile. The carbon release profile could, for example, be
from the use of dlowly decomposing ammonium carbonate fertilizer.
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Figure 1. Severa potentia profiles for calculation of the time value
of carbon sequestration.

We have discussed the future release of carbon from a
sequestration activity. We should also consider that energy and
materials might be needed in the future for “maintenance” to retain
the carbon in its sequestered form. Intuitively, we can say that the
use of energy and materias in the future should be limited. Because
we expect that their use generate CO,, we need to incorporate this
knowledge in the value of sequestration. To keep with the approach
that we have taken concerning TV CS, we would value delayed use of
energy more than early use. The easiest way to visudlize this it to
realize that any maintenance in the future will generate CO,, and this
amount must be added to that potentially released from the
sequestered carbon. Thus, R in Equations 2 and 3 represent the total
CO, (or CE) released in the future, whether from captured CO, itself
or from any CO,-generating activity associated with the captured
carbon.  Incorporating maintenance activities into the projected
scenario creates a Situation that would cause some sequestration
technologies to have a negative vaue, indicating a poor carbon
management strategy.

The FCCE of the sequestered carbon stream is the amount of
carbon equivalents of future emissions related to this stream. In
introducing the TVCS, we have acknowledged that emissions may
occur in the future from the sequestered carbon and we have aso
incorporated a projected value to address future releases. Thus, the
time-adjusted FCCE is the right-hand part of the expression in
Equation 3,

FCCE :}R( ) x-S, v, ¥))dy 4
0

Conclusions

Our objective was to develop a genera methodology for
evaluation of carbon sequestration technologies. We wanted to
provide a method that was quantitative but also structured to give
robust qualitative comparisons despite changes in detailed method
parameters—that is, it does not matter what “grade” a sequestration
technology gets, but a “better” technology should always achieve a
higher score.  We think that the methodology we have begun to
develop provides this capability.
« Thisisamethodology that will assist in evaluation and comparison
of well-defined sequestration activities.
« This is a methodology that should be used to address long-term
merit prior to engaging in an activity.
« This is a methodology that treats a sequestration activity as an
engineering process of which we have knowledge and control.
¢ Thisis a methodology that addresses carbon sequestration in life-
cycle terms.
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I ntroduction

Ocean disposal scenario of anthropogenic CO, in the form of
clathrate hydrate have been proposed for mitigation of global
warmingt. The disposal process of CO, hydrate has advantages over
direct discharge of gaseous or liquid CO, from the environmental
impact. Since the density of CO; hydrate is larger than that of
seawater, the disposed hydrate particles has negative buoyancy in the
seawater and descend to the ocean bottom. On the other hand, the
density of liquid or gaseous CO, is smaller than that of seawater at
the dept shallower than 3000 m, the discharged CO. would ascend to
the ocean surface, and some part might be release to the atmosphere
when the dissolution is not completed. The hydrate particles
disposed in the ocean have a dissociation fate because they are
unstable when the ambient seawater is unsaturated with CO,. The
dissociation of CO, hydrate would release CO,, and cause an impact
on the marine environment. However, the impact would depend on
the rates of descendingand dissociation of CO, hydrate particles in
the ocean. Since these rates depend primarily on the particle size, the
environmental impact could be controllable through a proper design of
the formation process of the hydrate particle.

The hydrate particle growth process should depend on various
factors. In this study, effect of calcium carbonate particles was
studied from thefollowing viewpoints.

. The addition of calcium carbonate would increase the CO,

solubility in water, which is favorable for the hydrate formation.

In addition, the CaCO; particles would provide a crystallization
center for the CO, hydrate. Consequently, the hydrate
formation could be promoted by CaCO; addition.
After formation of the CO, hydrate, the remained CaCO; could
be disposed of with the hydrate particles in the form of slurry.
Since the CaCO; has a buffering effect for the pH change caused
by the dissolution of CO, released from the hydrate particles,
the disposal process could be more environmentally benign.
Effect of CaCOj; addition on the CO, hydrate formation process
has been investigated experimentally in a laboratory scale setup. Also
numerical simulations of the buffering effect of CaCO; on the pH
change caused by a disposal process of CO, hydrate have been
conducted.

Experimental Apparatus and Procedure

Figure 1 shows a schematic drawing for the experimental system
for the hydrate formation. The batch-type high-pressure reactor was
composed of atransparent polycarbonate tube that can bear pressure
up to 200 bar. A Pyrex glass tube (inner volume was about 740 cm®)

was inserted in the polycarbonate tube to avoid the direct contact of
liquid CO, with polycarbonate tube, which could cause a severe
damage to the material. The absolute pressure in the Pyrex tube was
controlled by a piston-type pressure controller in the range of 1 to
100 bar with an accuracy of 0.1 bar. Pressure between the Pyrex glass
tube and the polycarbonate tube was equilibrated by a pressure
equilibrator to avoid the excess pressure difference on the Pyrex tube
(maximum bearing pressure 20 bar). The reaction contents could be
stirred by a 3-wing propeller type agitator with the speed range of 0
to 750 rpm. The temperature was controlled by immersing the reactor
in a congant-temperature bath of which the temperature was
controlled with an accuracy of 0.1 K through a constant-temperature
coolingunit.

A known amount of ion-exchanged water was first introduced to
the reactor with or without a given amount of CaCQO; particle at the
atmospheric pressure. Then liquid CO, was supplied to the system
through a high-pressure pump after pre-cooling. After reaching the

N2z cylinder
%o
H20 tan
Pressure sensor r-‘Ag't,ator
V-2
| O cylinder
Pressure controller V- H20 pump
V-9
v5| | ReaLtO
Pressure equaliz
oo
\
pre-coaling unit
H20
COz
Coadling Unit pamp

experimental pressure, the supply of CO, was stopped, and the
agitation was started. Formation process of hydrate was directly
observed and recorded by adigital video camera through the reactor.

Figure 1. Schematic drawing for the experimental apparatus

Results and Discussion

Observation of hydrate formation process

Without agitation or with agitation at low speed ( < 200 rpm),
the liquid CO;, phase and the water phase was separated with a thin
hydrate film at the interface. With an increasing in the agitation rate,
the hydrate film collapsed at 200 rpm, and liquid CO> drops and
hydrate particles (about severa mm diameter) were dispersed into
water phase. When the agitation stopped, the hydrate particles
coagulated to form a cluster, but the cluster was easily broken into
smaller hydrate particles by a dlight agitation (Figure 2) for the cases
without CaCQOs. For the cases with CaCO;, on the other hand, a large
lump of CO, hydrate (about 7~10 cm diameter) formation was
observed after agitation at 750 rpm as shown in Figure 3. The effect
of CaCO; found to depend on various conditions such as the agitation
rate, temperature, and CaCO5 content. No clear effect of the CaCO;
addition on the hydrate formation rate was noticed because the
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hydrate formation took place immediately after he agitation even
without CaCOs. Thus, the addition of CaCO; may help the formation
of large CO, hydrate particle.

Simulation of pH change caused by the CO: hydrate particle disposed
in the ocean

Numerical simulation of pH change in the seawater by the ocean
disposal process of CO, was conducted based on the following
assumption. In the process, CO2 was captured and separated from
the flue gas of an LNG-fired thermal power plant of 3000 MW. The
emission rate of CO,is 370 kg/s; this amount of CO, will be
converted into hydrate particles with CaCO; addition in a submerged
hydrate reactor at 500 m depth. Then hydrate particles will be
disposed of in the ocean with an excess amount of CaCO; slurry. The
hydrate particles disposed will descend in the ocean with CaCOs
durry, and will be dissociated to release CO, into the ambient sweater
during the descending process. In the meantime, the hydrate particles
will be transported horizontally by the eddy diffusion and the ocean
current. The following assumption was made for the calculation of
pH change caused by the dissolution of CO: in the seawater. The
following ionic equilibrium relations are always established in the
ambient seawater.

[H2CO4 / Pcop = 10°1°

1)
[H'] [HCO®]/ [H,COy] = 10°%° ®
[H] [CO4%]/[HCO®] = 10103 3
[H’l [OH] = 10 4
[Ca*] [COs] =10 ©)
The chargeis conserved.
[H]+2[Ca] = [OH]+[HCO*]+2[COZ], with CaCOs
(6)

[H'] = [OH]+[HCO*]+2[CO4?], without CaCO3

™

Emission rate of CO, by the dissociation of CO, hydrate
particles was given by the following mass transfer equation.

. d &prio )
- C,—e——==4prik(C, - C ®)
hh‘g3 == 4apr (L W)

where Gv* is the concentration of CO; in the hydrate, Cy is
the solubility of CO, in the seawater, and G, is the CO,
concentration in the ambient seawater.  is the radius of CO»
hydrate, and £ is the overal mass transfer coefficient. The
value of mass transfer coefficient is constant at 107 mys.

The descendingrate of hydrate particlesin the sweater is the
terminal velocity in seawater; the drag coefficient, Cp, was
given by the following equations depending on the diameter-

based Reynolds number (Re).
Co= 24/Re (Re<2)
24/ Re'? (2 < Re <500)
0.44 (Re >500) 9
where
Re=r vdim (10)

r and mare the density and the viscosity of the seawater,
respectively, and v and d are the termina velocity and the
diameter of the hydrate particle, respectively. All the
properties used for the caculation were those for the
seawater at 283 K, and temperature or pressure dependency
was neglected.

The horizontal eddy diffusion coefficient in the ocean is 30
m?/s (y-direction), and that for vertical direction was
negligible. The average ocean current was 0.1 m/s (x-
direction) horizontally. The vertical mass transfer of CO,
takes place mainly by the descending (z-direction) process of
hydrate particle in the seawater.

Based on the above assumptions, the pH change caused by the
continuous disposal of CO, hydrate particles were simulated
numerically. Figure 4 shows a steady state pH profile of the seawater
at the depth of z = 1300 m as a function of the ¢-direction)
horizontal distance at x = 1000 m. Theinitial diameter of CO, hydrate
particles was aso shown in the figure. The pH change was
significantly reduced by the addition of CaCQO;; the minimum pH in
this point was larger than 6 when 0.1 m hydrate particle was
disposed at 500 m. With an increase in the hydrate particle size, the
low pH region was spread horizontally at this depth. This is so
because the larger the initial size, the deeper the hydrate particles
could reach.

Figure 2. Formation of CO, hydrate; (&) hydrate particles cluster
formed without CaCOs, (b) hydrate lump formed with CaCO;
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Figure3. pH change simulation result at the depth of 1300 m and
1000 m away from the disposal point for various initial diameter of
the CO, hydrate particles. The disposal depth was 500 m.

Conclusions

CaCQO; addition was effective both for the size control of the
hydrate particle size in the formation process and for the buffering of
pH change by the dissociation of CO, hydrate in the ocean.
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Introduction

Although the study of the adsorption of carbon dioxide (CO,) on
coals has a long history, most of these measurements have been
conducted at low pressures (below atmospheric) and low
temperatures (78 °C to 25 °C)' in order to estimate coal surface
areas? |sotherms obtained at high pressures have been reported to
poorly fit the conventional adsorption models including monolayer
(Langmuir), multi-layer (BET), and pore filling (Dubinin-Radushke-
vich (DR) and Dubinin-Astakhov (DA)) models.®*

The purpose of this study was to determine the effect that
swelling might have on the equations used to develop the adsorption/
desorption isotherms of CO, on coal and to apply the newly derived
equation to the interpretation of the isotherm data, particularly at
pressures greater than one atmosphere.

Experimental

Adsorption apparatus. Gaseous CO, adsorption isotherms
were obtained using the manometric gas adsorption apparatus as
shown schematically in Figur e 1. The manometric apparatus consists
of areference cell of approximately 13 ml and a sample cell of about
6 ml; both contained within a temperature-controlled bath (+0.1 °C).
The cell volumes were estimated by the helium expansion method.
The pressure within each of the cells was monitored using a pressure
transducer (Omega PX300-5KGV), accurate to + 0.25% full scale

Measurement M ethods. Because the volume of each cell can
be caculated, the temperature of the system is constant, and the
pressure within each cell is measured, the number of gas-phase moles
of any adsorbate in each cell can be calculated from Eq 1 where z, the
compressibility factor, corrects for real gases.

¢ _©
||

o 6
Figure 1. Manometric gas adsorption apparatus: R: reference cell, S:

sample cell, P: pressure transducer, |: ISCO syringe pump, V:
vacuum pump T: thermocouples B: constant temperature bath.

_®

_ Py 0
ZRT
The following procedure was used to estimate the amount of
CO, adsorbed on a coadl. (1) Initialy, the reference and sample cells
contained nz; moles of gas at a pressure of Py; and ng; moles of gas

at a pressure of Pg;, respectively. (2) The reference cell was charged
with n moles of CO,. At this point, the moles of gasin the reference
cell became (ng;+n) at a pressure of Py,. (3) A portion of the gas,
[ng; moles, was transferred from the reference to the sample cell and
both cells were allowed to equilibrate. During this period both
temperature and pressure were monitored to ensure both thermal and
adsorptive equilibrium. At equilibrium, the reference and the sample
cells contained (ng;+n-Cng;) Moles of gas at a pressure of Py; and
(ng;+Ung) moles of gas in the gas phase at the pressure of Pg;,
respectively. If no adsorption were to occur [1ng would equal [Ing;.
Normally, however, the gas phase moles transferred from the
reference cell did not equa the gas phase moles found in the sample
cell and the missing gas was accounted to CO, adsorption on the coal.

The amount of adsorbed CO, was calculated from the mass
balance in the form of measurable quantiti es according to

Dn :E%DR? - & b (.)V )]
Wz, RT gsa RTH

where w is the weight of the %mpl e, Vyisthe reference volume, and
V, isthe void volume of the sample cell, which is not occupied by the
adsorbent (coal) and which was estimated by the helium expansion
method prior to the original introduction of CO, into the sample cell.

The above procedure was repeated for incrementally increasing
pressures of CO,. Finally, the estimate of the total amount of gas
adsorbed, 7,4, at the end of the i step was determined from

M, =Dn,, +Dn, +Dn, +..+Dn ©)

The procedure to thls point |s typlcal for the measurement of
adsorption isotherms and is applicable to rigid solids. However, we

believe it to be inadequate for the description of porous materials that
swell in the presence of the adsorbate.

ads,;

Results and Discussion

Eq 2 isvdid only when the void volume in the sample cell (V)
is constant. However, for coals, it is likely that changes in the
available volume in the sample cell occur due to the swelling of the
coal, which results from the sorption of CO,. For example, some
micropores are closed to helium and may be accessed by CO,° as
shown schematically in Figure 2 It can be argued that the void
volume measured by helium is not the same as the void volume when
these adsorbing gases and vapors are presented to the sample. Thus,
an extra accessible volume within the sample cell would be created
and should be taken into consideration.

Figure 2. Depiction of the change in the void volume in the sample
cell due to pore opening upon the sorption of swelling gases.

In the presence of avolume change, Eq 2 can be written as

DnadS :éﬁ)Rz i PRaQ V ?53 Vl ) i VO 9(4)
821?2 Zp, QwRT gz wRT zZg 1/1/RT"a

where ¥, isthe void volume accessible for gas compression after the
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introduction of CO, has swollen the coal and ¥, is the void volume of
sample cell as initially measured by the traditional helium expansion
method. In this interpretation, the volume inaccessible to the helium
and represented by the hollow areas, or bubbles, on the left side of
Figure 2 becomes available for the gas phase compression of CO, in
the swallen coal. This can be generalized by defining the change in
the accessible volume as

Vi-Via (5)
Via

where [J; is the pore opening coefficient which is dependent on the

change in volume at each step (shown as indices i) compared to the

previous volume during the adsorption/desorption process. The actual

amount adsorbed can be calculated from Eqs 4 and 5 to give Eq 6.

)g_:

o T POV, @ ROV Pixle ®
o Zp, ZRSEWRT Zs, ZSlEWRT zg, WRT

PARTI PARTI
As shown in Eq.6, the adsorbed amount has two parts. The first part
(PART 1) is the experimentally determined amount of adsorbed gas
(Oneyp), in which there is no change in the volume in the sample cell
and it remains constant at the value estimated by helium expansion.
The second part (PART 1) is the amount of gas occupied by the
nascent cell volume, which was created as a result of the change in
the accessible pore volume that occurred when the adsorbent became
swollen or shrunken upon the adsorption or desorption of the gas,
respectively. A general form of the adsorption equation can be
obtained by combining Egs 3, 5, and 6 to give:

Ry =gy + k(?‘—@9 (7

ezg

where n,,, is the same as n,4 in Eq 3, above, and represents the
experimentally calculated total amount of adsorbed gas when the
void volume of the sample cell (,) is constant, n, is the actual
amount of adsorbed gas on the coa sample, and & is a constant

expressed as
(ov/w) _ v/v,) )
RT roRT

where DV/w is the change in the accessible pore volume per gram of
sample, DV'/V, is the ratio of the change in accessible pore volume of
sample per the initial volume, and (], is the helium-density of the
sample.

In Eq.7, the only unknowns are the n;, and k. Several equations
can be used for the gas adsorption term () including the Langmuir,
DR, and DA equations. When a particular adsorption model is used
to fit the experimental adsorption isotherm data, information about
coa-CO, interactions, such as the monolayer adsorption capacity, the
micropore volume, the equilibrium (Langmuir) constant, and/or the
characteristic heat of adsorption, can be estimated along with the
change in the accessible pore volume in the coal.

The adsorption isotherms of CO, at 22°C on the Argonne
Pocahontas No.3 and Beulah-Zap coals are shown in Figure 3. The
lines represent the best-fit values over the entire range of adsorption
data. The Langmuir and DA are shown as examples of models that
may be used. In practice, we found no significant difference among
the three adsorption models investigated once the effect of the
swelling was taken into account. As shown in Figure 3 the
measured adsorption isotherms can be divided into two contributing
parts. One is the actual, physical adsorption of CO, (Langmuir or DA
in the Figure), and the other is the effect of swelling on the accessible
pore volume. At low-pressures, the effect of the swelling m the

k=

adsorption isotherm is small when compared with the amount
actually adsorbed. At high pressures, however, the amount of gasin
the additional void volume is considerably higher due to the
compressibility of CO,. Thus, the derived equation is especially
important at higher pressures when coal swelling cannot be ignored.

3.5

(a) O Adsorption Data
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Using Langmiur model in Eq.7
------ Langmuir Adsorption
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Figure 3. Adsorption isotherms of CO, on (a) Pocahontas No.3 -
modified Langmuir Eq. (b) Beulah-Zap - modified DA Eq.
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Introduction

In the past 60 years, the amount of anthropogenic carbon dioxide
(CO,) emitted to the atmosphere, primarily because of expanding use
of fossil fuels for energy, has risen from preindustrial levels of 280
parts per million (ppm) to present levels of over 365 ppm.
Consequently, the dire warning of severe weather perturbations and
globally rising temperatures have been given.  Although scientists,
engineers, policy makers, and others are looking for ways to reduce
the growing threat of climate change, there is no single answer.
Therefore, the development of carbon capture and sequestration
technologies, which has accelerated greatly in the last decade, may
play a significant role in addressing this issue. Carbon sequestration
can be defined as the capture and secure storage of carbon that would
otherwise be emitted to or remain in the atmosphere. In order that
CO, can be economically transported and sequestered, carbon capture
prefers a relatively pure stream of the gas. Pathways for carbon
capture come from potential sources such as several industrial
processes which produce highly concentrated streams of CO, as a
byproduct, power plants which emit more than one-third of CO,
emissions worldwide and the production method of hydrogen fuels
from carbon-rich feedstocks. CO, can be removed from the gas
streams by physical and chemical absorption. Recently, the chemical
absorption using amines represents the most widely deployed
commercial technology for capture. However, in other commercial
applications, the typical solvents for physically absorbing CO, include
glycol-based compounds and cold methanol.

Methanol is a better solvent of CO, than water, particular at low
temperature, because the solubility of CO, in methanol is
approximately five times that in water at ambient temperature and
eight to fifteen times that in water at temperatures below 273 K.'
Therefore, methanol has been industrially used as the physical
absorbent of CO, in Rectisol method at low temperature.' Currently,
over 70 large-scale plants apply the Rectisol process.

On the other hand, for the CO, sequestration technologies, the
chemical conversion of CO, by radiochemical, chemical,
thermochemical, photochemical, electrochemical and biochemical
procedures has been of significant interest from the practical
viewpoints. The electrochemical method appears to be a very
suitable method for the conversion and reduction of CO,. Since the
present conversion efficiencies of single crystal, polycrystalline and
amorphous silicon solar cells attainable in laboratory experiments are
at the respective levels of about 20 %, 15 % and 12%, respectively,
one possible system to industrially convert CO, to useful products
may be a hybrid method of the solar cell and the CO, electrochemical
reduction cell. Therefore, a combination technology of the Rectisol
CO, absorption process and the electrochemical CO, conversion
method will be able to apply the large scale plant.

Recently, many investigators have actively studied the
electrochemical reduction of CO, using various metal electrodes in

organic solvents, because organic aprotic solvents dissolve much more
CO, than water.>* It has been described that low reduced products
containing carbon monoxide, oxalic acid and formic acid were
produced by the electroreduction of CO, in dimethly sulfoxide, N, N-
dimethyl formamide, propylene carbonate and acetonitrile. However,
even at a cupper electrode, few hydrocarbons have been obtained in
these organic solvents. Therefore, we tried to the electrochemical
reduction of CO, at Cu electrode in methanol-based electrolyte.”” In
the electrochemical CO, reduction system using methanol,
hydrocarbons were formed with relatively high Faradaic efficiencies
and their Faradaic efficiencies increased with decreasing temperature.

Since the electrochemical reduction of CO, in organic solvents
except for methanol was investigated only at ambient temperature,”*
there is little information on the effect of low temperature on the
electrochemical CO, reduction in organic solvents. Therefore, in the
present paper, the electrochemical reduction of CO, on copper
electrode at 273 K are studied in a variety of organic solvents
containing dimethly sulfoxide, N,N-dimethyl formamide, propylene
carbonate, acetonitrile, ethanol, and methanol. The product
distribution in the electrochemical reduction of CO, on copper
electrode in methanol at 273 K is compared with those obtained in the
residual organic solvents.

Experimental

The apparatus and experimental conditions for the
electrochemical reduction of CO, are shown in Table 1. The
electrochemical reduction of CO, was performed in a home-made,
divided H-type cell. ~ An Aldrich Nafion 117-type ion exchange
membrane (0.18 mm thickness) was used as the diaphragm. The
cathode potential was measured with respect to a silver rod quasi-
reference electrode (QRE).

Dimethly sulfoxide, N,N-dimethyl formamide, propylene
carbonate, acetonitrile, ethanol, and methanol was used as the
catholyte. 300 mmol-dm™ lithium perchlorate (Nacalai Tesque, Inc.)
was used as the ionophore in the catholyte. Mechanical processing of
the Cu and Pt electrodes required polishing each surface with
successively finer grades of alumina powder (Baikalox emulsion,
manufactured by Baikowski International Co.) down to 0.05. m,
followed by the removal of grease with acetone. Both electrodes
were activated electrochemically at 500 mA, for 100 s, in 14.7 mol-
dm™ phosphoric acid. Following the above treatment, the electrodes
were rinsed with both water and ethanol.

A discontinuous electroreduction procedure was used: first, CO,
gas was bubbled into the catholyte for 1 h at a rate of 30 ml-min,

Table 1. Apparatus and experimental conditions

Electrochemical reduction
Cell H-type cell
Potentiostat/ Hokuto HA-105
galvanostat
Coulometer
Potential sweep
XY recorder
Thermostat

Integrator 1109 (Fusou Seisakujyo, Inc., Japan)

Hokuto HB-111 function generator

Graphtec WX1100

EYELA, Tokyo Rikakikai CO., LTD., CA-1500

Working electrode Cu foil (30 mm x 20 mm, 0.1 mm thickness, 99.98 % purity)
Counter electrode Pt foil (30 mm x 20 mm, 0.1 mm thickness, 99.98 % purity)
Reference electrode Silver rod quasi-reference electrode

Electrolyte

Catholyte 300 mmol-dm™ LiClO, in dimethly sulfoxide, N,N-dimethyl
formamide, propylene carbonate, acetonitrile, ethanol,
and methanol

Anolyte 300 mmol-dm? KOH in methanol

Carbon dioxide
Potential
Temperature

99.9999 % purity
-2.0 to -5.5 V vs. Ag/AgCl sat. KCl
273 * 0.5 K

Product analysis
Gas products Gas-chromatography

TCD (GL Science GC-320, Molecular Sieve 5A; 13X-S,

Ar and He carrier gas)

FID (Shimadzu GC-14B, Porapak Q, N, and H, carrier gas)
HPLC with UV detector (Hitachi L4000)

TCD and FID gas-chromatography

Liquid products
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then the CO,-saturated solution was reduced electrolytically at
cathodic polarizations in the range from -2.0 to -5.5 V vs. Ag QRE.
The electrolysis was performed at 273 K. The catholyte was stirred
magnetically.  The Faradaic efficiency of the main products was
calculated assuming that a total of 50 coulombs of charge passed
through the cell. Gaseous products obtained during electroreduction
were collected in a gas collector and were analyzed by GC. Products
soluble in the catholyte were analyzed by using HPLC and GC.

Results and Discussion

Hori et al. found that copper was an excellent electrode for the
formation of hydrocarbons.®  Therefore, copper was used as a
cathode in this study. A suitable supporting salt was explored in
order to compare the product distributions in the electrochemical
reduction of CO, on Cu in various organic solvents. Since lithium
perchlorate rapidly dissolved in all organic solvents tested, it was
selected as the ionophore in the present work.

Product Faradaic efficiency

In the electrochemical reduction of CO, at Cu electrode in
dimethly sulfoxide, when the temperature decreased to 273 K, the
current density at —3.0 V was very low. Therefore, in order to obtain
the current density enough to evaluate the product Faradaic efficiency,
the electrolysis was performed at —5.0 V. In the electrolysis,
dimethly sulfoxide was not stable and decomposed. Because the
current efficiency of this decomposition could not be negligible, the
electrochemical reduction of CO, on Cu electrode in dimethly
sulfoxide at low temperature seems to be not an effective technology.

In the CO, electrochemical reduction on Cu in N,N-dimethyl
formamide and propylene carbonate at low temperature, the current
densities even at relatively negative potential were extremely low.
Therefore, the CO, electrochemical reduction method using N,N-
dimethyl formamide and propylene carbonate at 273 K appears to be
able to apply the practical system.

The results dealing with the effect of the potential on the current
efficiencies for the products by electrochemical reduction of CO, on
Cu in LiClOg4/ethanol at 273 K are illustrated in Figure 1. Methane
was detected as reduction product from CO,. However, the
formation efficiency was less than 2 %. The current efficiency for
hydrogen was approximately 100 %. Hence, the applied energy was
wasted on hydrogen evolution instead of being used for the reduction
of CO,. Although the electrochemical reduction of CO, was studied
at relatively positive potential, the current density was < 1 mA-cm™
and the product formation efficiency with low current density could
not be evaluated in the view point of practical value. The product
distribution obtained in the electrochemical reduction of CO, with
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Figure 1. Effect of potential on Faradaic efficiencies for the
products by electrochemical reduction of CO, at Cu electrode in
ethanol at 273 K. CH, ; double circle, H, ; solid circle.
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Figure 2. Effect of potential on Faradaic efficiencies for the
products by electrochemical reduction of CO, at Cu electrode in
methanol at 273 K. CH, ; double circle, C;H, ; open triangle,
CO ; open circle, HCOOH ; open square, H; ; solid circle.

copper electrode in acetonitrile was similar to those in ethanol. In the
acetonitrile-based electrolyte, the reduction product from CO, was
only methane and its Faradaic efficiency was < 2 %. On the contrary,
the Faradaic efficiency of hydrogen was very large (about 100%).

Figure 2 shows the effect of potential on current efficiencies for
the products by electrochemical reduction of CO, with Cu electrode in
methanol at 273 K.  The main products from CO, were methane,
ethylene, carbon monoxide, and formic acid. The Faradaic efficiency
for methane increased to 58 % with decreasing potential. In contrast,
hydrogen formation at 273 K decreased to 28 %. A GC-MS study
with deuterated methanol catholyte demonstrated that no reduction
product was produced from methanol.’ When the electrolysis was
conducted under nitrogen atmosphere, electrolysis yielded exclusively
hydrogen. Consequently, the targeted products were produced by
the electrochemical reduction of CO,.

Conclusions

The electrochemical reduction of CO, on copper electrode at 273
K was investigated in various organic solvents containing dimethly
sulfoxide, N, N-dimethyl formamide, propylene carbonate, acetonitrile,
ethanol, and methanol. Only in the methanol-based electrolyte, high
formation efficiency of methane was observed at low temperature.
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Introduction

Long-term sequestration of anthropogenic CO, is one
suggested approach to the reduction of greenhouse gases in response
to concerns over global warming. The most easily addressable source
of CO, is that from the generation of electric power, and particularly
that from the coal-burning stations, since they comprise a relatively
small number of very large stationary sources. Coal-fired power
plants currently account for a little more than half the total electricity
generation. It is unlikely that there will be a dramatic change in this
situation in the next twenty years, not least because there is a
considerable quantity of coal-burning electricity-generating plant in
place that is still operational, and its retirement and replacement
would present a considerable economic penalty. In each of the last
three years, the coal consumed by the electric utilities in the U.S. has
been close to 900,000,000 tonnes. It is therefore essential that CO,
sequestration is part of any carbon management strategy.

Geologic sequestration of CO, is the subject of many ongoing
research studies, the majority of which are aimed at injection of
supercritical CO, into underground formations, particularly deep
saline aquifers. It should be noted that CO, represents about 18% by
weight of the exhaust gas, or 15% by volume, and hence is relatively
dilute. There are significant cost penalties associated with the
concentration of CO, from the flue gas, compression to supercritical
form, and subsequent transportation. Several environmental issues
associated with the sequestration of supercritical CO, also cause
concern. These include the risks associated with leaks in the
transport lines (since, unlike natural gas, released CO, will
concentrate in low-lying regions adjacent to the leak, and is not easy
to detect), and the possibility of seeps of CO, from the subsurface,
potentially causing air quality (suffocation) hazards within the vicinity
of the seep. Characterization of the “cap rock” or upper confining
units of the host formation must be completed to avoid areas in the
basin where seeps may form. The possibility of unintended
displacement of brines as a result of continued injection of
supercritical CO, must also be considered.

Conversion of CO; to solid carbonates offers the possibility of a
safe, stable product for long-term carbon sequestration. Naturally
occurring carbonate minerals already comprise a massive carbon
reservoir that has existed for millions of years. Large quantities of
these carbonate minerals are of biogenic origin. Calcium carbonate
can be precipitated from aqueous solution, given a suitable
supersaturation of calcium and carbonate ions, and so the issue
becomes one of how to produce carbonate ions rapidly from CO, and
H,0 (1), a process which first requires the formation of bicarbonate
ions. One important parameter to be considered is pH, because of its
strong effect on the proportions of the carbonic species present (2),
and because, at low pH, carbonates will tend to dissolve rather than
precipitate. Although carbonate could be formed rapidly at high pH,
this would pose both economic and environmental concerns, and
hence a process that operates at very mildly basic pH values would be
desirable. The rate-controlling step in the fixation of gaseous CO,
into carbonate ions (Table 1) is the hydration of CO, (except at high
pH). Thus, if a viable means to accelerate this reaction can be found,

it should be feasible to fix large quantities of CO, into calcium
carbonate at moderate pH. The solution to this problem in fact
already exists in biological systems, in the form of a biological
catalyst, the enzyme carbonic anhydrase. @~ We have, in fact,
demonstrated proof of principle for a novel biomimetic approach to
carbon sequestration, which uses carbonic anhydrase to accelerate the
formation of bicarbonate ions in aqueous solution (4). In the presence
of suitable cations, this can then be precipitated out in carbonate form.

Table 1. Basic carbonate aqueous chemistry reactions.
Equilibrium constants from Langmuir (3).

(1) CO, (g) = CO; (aqueous)

(2) CO;(aqueous) + H,O = H,COs

(3) CO, (g) + H,0 = H,CO;3 K =Kco, = 1077

(4) H,CO; = H + HCOy K, = 10

(5) HCOy = H* + CO* K, =10"%

Cation Sources: Brines

One of the issues we are now addressing is the selection of
suitable sources of cations. Along with seawater, and waste brines
from desalination operations, brines from deep saline aquifers offer an
attractive possibility. In this context, it is important to understand the
effects of brine flow on geologic media, both during brine extraction
and during possible reinjection of bicarbonate-enriched brines. A
preliminary numerical analysis of a sedimentary basin, the Powder
River Basin of Wyoming, has been performed. The numerical model
includes multiphase flow of CO,, groundwater and brine, allowing
evaluation of residence times in possible aquifer storage sites, and
migration patterns and rates away from such sites in the Powder River
Basin of Wyoming. The model has also been used to simulate CO,
flow through fractures, to evaluate partitioning of CO, between the
fracture network and rock matrix. These simulations provide insight
regarding the ultimate propensity of permeability reduction versus
permeability enhancement in the fracture zone associated with
carbonate reactions.

A two-dimensional finite-volume model of the Powder River
Basin cross-section SW-NE was used for all the simulation analyses.
The model domain is 230 km horizontal by 5 km vertical, consisting
of 5000 grid-blocks (100 horizontal by 50 vertical), each 2300 m by
100 m. The TOUGH2 code (5), which couples flow of heat,
groundwater, and brine, was used for these simulations.

Results (Figure 1) suggest that sustained injection of CO, may
incur wide-scale brine displacement out of adjacent sealing layers,
depending on the injection history, initial brine composition, and
hydrologic properties of both aquifers and seals. While the results
presented here are unique to the simplified model of the Powder River
Basin used in this analysis, they may have more general implications
for other basins of interest for CO, sequestration.

We are also using numerical simulations to evaluate and
compare the effects of supercritical CO, flow to the effects of
bicarbonate solution flow on geologic media. Specifically, we are
examining diagenetic changes and time-scales of these changes
associated with flow of the two different fluids. For these simulations
we are using a reactive transport model that includes coupled
groundwater flow, heat flow, and relevant geochemical reactions. The
model simulates mass and energy flow and subsequent chemical
reactions induced by carbon dioxide and bicarbonate solution injection
in the subsurface. Chemical reactions and solute transport are
evaluated by TRANS, a simulator developed by Peter Lichtner at Los
Alamos National Laboratory (6). Fluid and heat flow are evaluated
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Figure 1. Simulation results illustrating displacement of brine
out of a shale sealing layer as a consequence of CO, injection
in aquifer below. Color contours are brine saturation in the
sealing layer and aquifer above, grayscale contours are
equivalent hydraulic head in the aquifer below. Arrows are
flow vectors illustrating flow away from the injection well.

using TOUGH?2, a geothermal simulator developed by Pruess at the
Lawrence Berkeley National Laboratory (5). A driver program for
coupling the two codes was recently completed by co-author
Wellman, for this study. These simulations are being conducted for
laboratory-scale models, with the intention that these results will be
used for calibration of and upscaling to larger-scale hydrogeologic
models.

Catalyst Response in Presence of Toxic Metal Ions

The concentration ranges of various monovalent and divalent
ions in seawater, brackish water and saline reservoir waters vary
widely. The levels of toxic metal ions that are emitted in flue gases
are very carefully limited, and are extremely low (7). Nevertheless,
they will not be zero. In a system based on a biological catalyst, it is
important that the catalyst still function in the presence of
representative levels of these ions. Satisfactory performance in
solutions both representing, and more concentrated than, seawater has
already been demonstrated (4).

Recent data provide information relating to the performance of
solutions containing either purified bovine carbonic anhydrase (BCA)
or live cells (modified bacteria, E. coli, expressing human carbonic
anhydrase II (HCA II)), in the presence of a range of concentrations
of these ions. It is found that the amounts of arsenic, mercury or lead
that inhibit enzyme activity are considerably higher than the amounts
(10 or 15 pg/ton (7, 8)) that may be present in volumes of air. Thus it
appears that neither the live-cell nor the purified-enzyme activities
would be significantly affected by the small traces of arsenic, mercury
and lead that might be present in flue gases. For both the live cells
and the purified enzyme, activity can be seen to decrease strongly,
however, at concentrations of these cations in the mg/ton (parts per
billion) range.  Figure 2, for example, illustrates the activity of both
enzyme sources when exposed to increasing concentrations of arsenic
ions. Arsenic may attack cell function, leading to large-scale loss of

enzyme activity from whole cells at 29 mg/ton, whereas the purified
enzyme shows loss of activity at 290 mg/ton.

The purified enzyme performs better than the live-cell enzyme
in all experimental conditions. The cost of pure enzyme may prove
prohibitive, however, for industrial application, and the difference in
activity may not seem so stark when the low cost of live cell
production is taken into account. Purified bovine carbonic anhydrase
is available commercially for about US$300/gram, whereas E. coli
cells expressing HCAII may be produced for about US$0.001/gram
).
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Figure 2. Activity of live E. coli cells versus purified BCA in the
presence of arsenic ions.
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Introduction

The 2001 Third Annual Report of the Intergovernmental Panel
on Climate Change projects that atmospheric carbon dioxide (CO,)
can approach 1000 ppm in 2100." In addition it concludes that the
observed warming over the last 50 years is likely to have been due to
the increase in greenhouse gas concentrations, particularly the 30%
rise in atmospheric CO, caused by man. Fossil fuel use will be
limited by our ability to mitigate their environmental effects since
they are abundant and cost effective.  Future concerns are
underscored by the long lifetime of CO, in the atmosphere, the
accelerating rate of fossil-fuel consumption, and our non-linear
climate system that can migrate to a different state in response
radiative forcing on decadal time-scales. Consequently technologies
for reduction of the world’s CO, emissions are being explored
aggressively. Current emphasis is on fixing CO, at large sources
such as centralized power plants by emission free conversion of fossil
fuels to electricity and hydrogen.” However, more than half of the
total emissions is from the transportation sector and small distributed
sources such as home heating and small industry. Most solutions for
dealing with these sources explicitly or implicitly imply a complete
overhaul of the existing infrastructure. To surmount this problem
Los Alamos National Laboratory has conceived a novel concept of
extracting CO, directly from the atmosphere by engineering a
chemical sink.**

Direct CO, extraction converts the dilute CO, (370 ppm) in the
atmosphere (from all sources) to a pure CO, stream ideal for
permanent sequestration. For dealing with the world’s total fossil
fuel related CO, emission rate, extracting CO, from the air involves
processing of on the order of up to 1% of the earth’s atmosphere
(containing ~750 Gt CO,) each year. The fast time scales of
atmospheric mixing make this approach feasible. It is a massive
undertaking with offsetting advantages:

e Preserves our existing energy use and fuel distribution network
that represents a huge investment,
e Captures CO, from a myriad of small, distributed, and mobile
sources that otherwise are not accessible to sequestration,
e Allows atmospheric CO, levels to be restored to their pre-
industrial age value,
e Provides free transport of CO, to suitable sequestration sites by
using the natural atmospheric circulation, and
e Is relatively compact and therefore inexpensive approach when
compared to renewable concepts.
This method compensates for all CO, sources, can be scaled to yield
a net zero or negative emissions, and harnesses the atmosphere as a
free CO, transportation network.

Our CO, extraction from air concept is summarized here and
developed it in more detail later. By equating an amount of CO, with
the energy released in a combustion process, one can associate an
energy density with CO, in air. By this measure, the energy
associated with atmospheric CO, is a factor of approximately 100
times more concentrated than wind energy, which is harnessed
routinely.  Building on this premise our concept harnesses
atmospheric circulation to extract CO, from air (where it is present at
370 ppm) and binds it to an adsorbent. The saturated absorbent is
subsequently heated to release the bound CO, thereby generating a
pure CO, stream for disposal and adsorbent ready for reuse. Low
cost chemical extraction reagents such as calcium hydroxide (a prime
ingredient in mortar) readily extract CO, and demonstrate the
feasibility. The reagents would be continuously recycled with the
captured CO, being recovered and sent to a permanent disposal
process such as the mineral carbonation of serpentine deposits that
permanently sequester the CO, as solid, harmless, and inert mineral
carbonates,” or direct injection in underground reservoirs or in the
deep ocean.

Case for CO, Extraction from Air

Concept. To determine the viability of CO, extraction from air
we compare it to renewable energy options, examining the relative
size and therefore likely cost and environmental impact. We also
examine the energy requirements of one specific approach to CO,
capture, which although far from ideal demonstrates feasibility. Our
estimates are meant to establish orders of magnitude rather than
precise values. The yardstick we employ is the primary energy per
unit area and unit time available. We start by examining wind power,
which is routinely harvested, albeit on a modest scale. The power per
unit area is given by 1/2 pv’, where p is the density of air and v is its
wind velocity. At 10 m/s the wind power contained in the airflow is
0.6 kW/m?. The time averaged power flux from sunlight on the
ground is less, amounting to 0.2 kW/m? in the US. The equivalent
power collected by biomass represents no more than 0.003 kW/m? of
heat of combustion amounting to 50t of dry mass hectare™ year™.

For the extraction of CO, from the atmosphere, we consider the
same airflow as for wind power. The 10 m® of air that flows through
the 1 m” aperture in one second contain 0.15 moles of CO,. There is
of course no energy in this CO,. However, if we were to remove all
CO, from the 10 m® of air, we would then be able to burn a certain
amount of carbon based fuel without increasing the net CO, content
of the air. For gasoline we would generate 100 kJ of heat energy per
second, less for coal and more for natural gas. Thus in the above
example, a combined CO, extraction unit/gasoline motor would be
able to produce 100 kW/m® of primary energy without any impact on
the atmospheric level of CO,. In contrast, a windmill of the same
area would only draw on 0.6 kW/m? of raw power, a factor of over
100 less. Comparison with other renewable resources is even more
dramatic.

Process Description. The low CO, concentration in air limits
the choice of collection methods. Chemical or physical absorption
from an essentially free flow atmospheric air stream appears to be the
only viable option. For absorption, the primary energy demand lies
in absorbent recycling. The free energy of mixing sets a lower bound
on energy expenditure. It is given by RT log(P/Py). P, is the ambient
CO, partial pressure, P the desired output pressure, R is the gas
constant, and 7, the absolute temperature. Separating CO, from air at
ambient conditions and delivering the output at 1 bar requires
20 kJ/mole. This is only 3% of the energy released in the combustion
of gasoline. However, practical implementations will require more
energy for rapid CO, absorption and concentration.
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As air moves over an absorber surface, CO, is stripped out. The
rate of extraction depends on the efficiency of the absorber, but even
the best absorber is limited by the transport of CO, through air. The
molecular diffusion coefficient of CO, in air at ambient temperature
is D = 1.39 x 10° m?%s. The mass flux to an absorbing surface is
given by N=D grad p_, , P, being the local density of CO, in the
air. For a good absorber, the partial pressure of CO, at the absorption
surface nearly vanishes, and the mass flux, Ny, to a boundary is given
approximately by No = D p.,/ L. Here, L is the transport distance;
i.e. the typical distance to the nearest surface or for an open system
the thickness of a boundary layer. As a specific example, consider air
flowing at 10 m/s through a set of parallel tubes, 2.5 mm in diameter.
Empirical formulae suggest an effective L = R/1.8, where R is the
radius of the tube. Comparing the CO, flux to the wall with the CO,
flux through the tubes suggests that most of the CO, will be removed
after ~ 30 cm. The distance over which the CO, is absorbed is
proportional to the flow velocity. With a typical velocity of 3 m/s the
length of the tube is reduced to less than 10 cm.

In passing over an absorber that removes a portion of the CO,
from the air-stream, a similar fraction of the air’s momentum will be
removed, as these two molecular diffusion processes operate
similarly. Thus, for a system designed to extract most of the CO,, the
pressure drop is roughly the kinetic energy density in the gas or about
0.06 kPa at 10 m/s. Thus, maintaining the airflow requires an energy
input of 0.06 kJ/m®, which is less than 1% of the energy released in
producing that CO,. Quite likely, a practical implementation would
utilize natural convection or wind for this task.

CO, Adsorption Collection. Can CO, be collected? The
common reagent Ca(OH), provides a proof of principle. An aqueous
solution of Ca(OH), is very efficient in collecting CO, from air.
Simply bubbling air through a few centimeters of Ca(OH), solution
removes the bulk of the CO,. The overall resistance to mass transfer
is not substantially larger than the transfer resistance in the gas phase.
The high degree of extraction that is achieved with Ca(OH), is
obtained at the price of a substantial binding energy. The reaction
can be summarized as follows: Ca(OH), + CO, — CaCO; + H,O +
114 KkJ of energy release. The return calcination reaction CaCO; —
CaO + CO, requires 179 kJ/mole, which is the energy penalty for
recovering CO,. While this is a non-negligible fraction of the energy
from burning gasoline (~650 kJ/mole CO,), it is still a manageable
amount.

System Design. Based on these observations, an idealized
process plant would have a number of units, presumably wind or
convection driven, that form CaCO; from an aqueous Ca(OH),
solution. The CaCOj; precipitate is dried and calcined, which requires
energy. The energy for drying could be provided by the heat of
hydration when CaO is transformed back into Ca(OH),. However,
calcination would require additional energy, which can come from a
number of sources. To be specific, we assume that it is provided by
the combustion of coal. The amount of CO, generated in the
combustion is about 40% of what is stored on the sorbent. Since the
process operates on a large scale and is obviously located at a
disposal site, the CO, from the coal would be directly captured and
disposed of.

Cost and Economics. To estimate costs we assume that the cost
per unit area of airflow is the same for a windmill and a CO,
absorption unit. This assumption is justified, since lightweight
structures covered with a film of calcium hydroxide solution would
be sufficient. Windmills cost about $700/m* of swept area. A CO,
collection unit of 1 m* sweep area, with an extraction efficiency of
50%, and seeing an average wind velocity of 3 m/s would collect
3.6 kg of CO, per hour. Assuming a total annual cost for capital

investment, operation, and maintenance of 30% of the cost of the
machine, the collection cost is $6.70 per tonne of CO,. At this point,
the collected CO, is in the form of CaCO;. Freeing the CO, again
requires energy. Without accounting for inefficiencies, one would
need ~0.15 t coal/t of CO,. At a price of $20/t, the cost of this coal
would add $3.00 to the tonne of CO,. A rough estimate of the annual
cost of the calcination plant is determined by multiplying the fuel
cost by a factor of four. This is approximately the situation for a
power plant. With these assumptions, the calcination process would
add $12/t of CO, to the cost of the capture process. This cost would
be tolerable compared to the cost of today’s energy as well as
compared to other sequestration efforts. For example, the cost of
pipelining CO, a distance of 1,000 km has been estimated at ~$10/t
of CO,. For a coal-fired power plant at 33% conversion efficiency,
$10/t of CO, translates into a little less than 1¢/kWh of electricity.
Based on the relative carbon contents of coal and gasoline, the
calcination required to collect the CO, from one liter of gasoline
consumes about 0.7¢ worth of coal. Using the -calculations
performed above, the price of the complete process should be less
than 5¢ per liter of gasoline, well within the range of recent price
changes.

Land Requirements. Finally the size of the facilities to collect
CO; or the required land area is considered. Imagine small collection
units of some extent normal to the airflow, but of a height that is
negligible on the horizontal scale of the system. On the large scale,
one may consider the surface of the horizontal area to be a good CO,
absorber reducing the CO, density from an ambient value of p, to
(1- 8),0CO2, where € is the CO, removal efficiency. CO, is
transported horizontally over the area by a wind velocity v, and it is
transported vertically through eddy diffusion. The collection units
near the surface remove CO, providing a gradient for vertical eddy
diffusion transport. The observed eddy diffusion coefficient of the
lower atmosphere is 10 m?/s. The vertical rate of mass transport is
roughly ep, (D.v/L)'"?, where L is the dimension of the collection
area in the wind direction. Thus for an area of size LxW, the total
rate of CO, removal is given by spCOZW(DCLV)”Z. Assuming that
L=W, €=0.5 and v=3 m/s, the land area required for collecting all
CO, from a residential vehicle fleet of a city of 2 million is about
2.8 km on the side. A square, 530 km on the side, is sufficient to
collect the CO, from all current anthropogenic sources. Since the
rate of collection is proportional to L' rather than L, collection from
several separate smaller areas would be more efficient than a single
large area. If combined into a single area, these units will interfere
with each other, with downwind units extracting CO, from already
depleted air. If one were to limit the size of a collection unit to a
square of 100 m on the side, then the world output of CO, would
require 380,000 units, which is 1.4% of the area of a single collection
system. Each of the hectare units could consist of five vertical units,
each 19 m tall by 19 m wide. Intuitive estimates indicate that the
individual collection areas need to be spread over a total area as
calculated above. Further spreading is not effective.

Results and Discussion

We are performing global and high resolution atmospheric
modeling and laboratory uptake experiments to further examine,
quantify and develop CO, extraction from air as an advanced
greenhouse gas separation and capture technology.

Global Scale Modeling. We have conducted large scale global
simulations and sensitivity studies at 4° x 5° latitude/longitude
resolution where a single grid-point land-based flat CO, sink is
placed at various locations and with various deposition velocities (V)
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in the UC Irvine Chemical Transport Model (CTM).® The CTM
contains nine vertical layers centered at 975, 909, 800, 645, 478, 328,
206, 112 and 40 mbar. The vertical resolution of the bottom layer is
of order 1 km. This off-line code accepts wind fields from general
circulation models and advects chemically interacting tracers and has
been validated for many tropospheric applications. It allows us to
assess the efficacy of global scale CO, extraction and identify
locations that minimize impacts on downwind ecosystems that will
experience reduced CO, levels and enhanced alkaline aerosols.

Figure-1 below shows the CTM’s sensitivity of the calculated
amount of CO, extracted from the entire atmosphere as a function of
time for a range of deposition velocities (v) at a single grid point
surface sink centered in Nevada, USA. Observed deposition
velocities for gases that react rapidly at terrestrial surfaces like SO,
and HNOj; are 1 and 4 cm/sec respectively.” Our simulations indicate
that extraction of the order of 10 Gtonnes-C/year is possible, even
with a simple flat sink. These simulations also reveal the magnitude
and extent of CO, depletion downwind of the sink that will be
valuable to identify locations that minimize impact on terrestrial
ecosystems. Saturation effects at high deposition velocities are
caused by inability of mixing to replenish the sink box with more
CO, from the rest of the atmosphere in this coarse CTM model.
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Figure 1 Top panel: total atmospheric CO, burden (Gton C) as a
function of time for 4° x 5° sink centered in Nevada box for various
deposition velocities. Bottom panel: The amount of CO, extracted
from air in a year as a function of deposition velocity.

High Resolution Modeling. The coarse global scale CTM modeling
results presented above provide a lower limit to the CO, uptake flux
per unit land area, as we illustrated earlier using scaling arguments in
our land requirements section. Clearly we can improve our collection
efficiency per unit of active land area by orders of magnitude by
using smaller units with optimal spacing and designing structures that
enhance turbulent mixing. We are using LANL’s high resolution and
strong gradient (HIGRAD) code to quantitatively examine the
detailed effects of mixing and turbulence on CO, collection.®® The
code operates on a grid-point, finite-difference, compressible, and
non-hydrostatic platform in terrain following coordinates with
adaptive mesh capabilities. It uses a forward-in-time integration
scheme that preserves local extremes and signs of transported
properties. The parallel architecture allows it to harness our high-
performance supercomputing platforms.

We are performing high-resolution simulations of air extraction
of CO, using HIGRAD. The 2-Dimensional computations presented
here have a horizontal resolution of 200 m and 63 vertical boxes with
vertical grid being stretched gradually from 23 m at the surface to
~200 m at the top layer at 1.2 km. The velocity was set to 4 m/sec,
and temperature of 300 K in an atmosphere with neutral buoyancy.
The simulation used a steady stream of air with 370 ppm of CO, as
its initial condition. The CO, concentrations were set to zero at the
surface boundary to mimic an ideal flat sink that covers the entire
horizontal domain. A parametric relation between the aerodynamic
roughness and the friction velocity over water and similarity theory
were used to treat the sub-grid fluxes and the vertical logarithmic
wind profile above the surface. '

The results shown below in Figure 2, clearly reveal that CO,
loss is observed hundreds of meters above the surface layer. Vertical
mixing by turbulence is an effective source for CO, to the surface
layer in a neutral atmosphere. Because we start with a uniform
velocity profile, the turbulent velocity takes some time to get
established as evident below. After this is achieved the real turbulent
eddy structures become apparent for the conditions of our simulation.
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Figure-2: Carbon dioxide concentration in ppm over a perfect
aqueous sink simulated using HIGRAD. The distances are in meters
above the surface and horizontally about a center of the domain.

Laboratory Experiments. We are performing controlled
experiments of CO, uptake by saturated Ca(OH), solutions in the
laboratory. Ambient air is bubbled through a saturated Ca(OH),
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solution with excess solid in an impinger. Care is taken to avoid
evaporation by humidifying the input air stream. A metering pump is
used to maintain stable slow flow that generates individual bubbles of
a few mm in size that rise and remain intact in the solution. The
amount of CaCO; formed at the end of a run (ranging from 15
minutes to 8 hours) is measured by titrating the mixture with acid and
monitoring the pH. The inflection points of the pH curve yield the
hydroxide, carbonate and bicarbonate fractions. The titration is done
slowly and with rapid-stirring to ensure prompt dissolution of the fine
Ca(OH), particles. A LICOR CO, sensor is also being used to
provide a continuous measure of the CO, extracted from the air by
bubbling.

The results from several CO, uptake experiments are
summarized in Figure 3. There is close to a linear increase in CaCO;
formed and CO, uptake with the volume of air processed. The
contact time of the bubbles with the solution was varied by changing
the height of the solution column. From the slopes of the above
CaCO; formation data for 11 experiments we derive a the mean CO,
collection efficiency of 53 + 5% from air by a saturated Ca(OH),
solution. The collection efficiency could be limited by kinetic factors
such as CO, diffusion in the bubble and local in-homogeneity in the
Ca(OH), concentrations and pH of the solution in the vicinity of the
bubble which will strongly influence the CO, uptake.'' However, an
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Figure 3. Measurements of CaCO; formed as a function of the
volume of ambient air (~370 ppm CO,) bubbled through a saturated
Ca(OH), solution under controlled laboratory conditions.

efficiency of this size should be sufficient to effectively extract CO,
from air.

Conclusions and Directions

Our economics and scaling arguments, atmospheric simulations,
and laboratory experiments make a strong case to explore carbon-
dioxide extraction from air as an advanced CO, capture and
sequestration technology. By all measures we applied, this process
compares very favorably against renewable sources such as solar,
wind, or biomass. This scheme is attractive because; it allows CO,
sequestration without a costly change in the existing infrastructure; it
collects the CO, from the transportation and other distributed power
sources; it retains carbon-based energy, which continues to be highly
cost-effective, and it has the potential of restoring atmospheric CO,
to pre-industrial levels providing us insurance against any large and
rapid climate change events in the future. We are aggressively

pursuing research on active and passive collection schemes,
feasibility of CO, adsorbents like zeolites, silicates, amines, and
Mg(OH), with lower binding energy than CaCO;, and identify
locations that maximize collection, facilitate disposal, and minimize
environmental impact. Our goal is to optimize the scale of the
processes in order to design, construct, and develop a small prototype
CO, extraction plant for field studies.

Acknowledgment

This work is supported by the Laboratory Directed Research and
Development (LDRD) Program at Los Alamos National Laboratory,
Los Alamos NM 87545.

References

1. http://www.ipcc.ch for Climate Change 2000 and Climate Change
1995, Cambridge University Press, 1996.

2. http://www.zeca.org, Zero Emissions Coal Alliance.

3. Lackner, K. S.; Grimes, P.; Ziock, H., Proceedings of the 24"
Annual Technical Conference on Coal Utilization And Fuel
Systems, March 8-11, 1999. Clearwater, Florida. Available as
Los Alamos National Laboratory Report LA-UR-99-583.

4. Elliott, S.; Lackner, K.; Ziock, H.; Dubey, M. K.; Hanson, H. P.;
Barr, S.; Ciszkowski, N. A.; Blake, D. R., Geophys. Res. Lett.,
2001, 28, 1235-1238.

5. Lackner, K. S.; Butt, D. P.; Wendt, C. H., Energy Convers. and
Mgmt., 1997, 38, Suppl, S259-S264, Elsevier Science Ltd.

6. Johnston, N. A. C.; Blake, D. R.; Rowland, F. S.; Elliott, S.;
Lackner, K.; Ziock, H. J.; Dubey, M. K.; Hanson, H. P.; Barr, S.,
Submitted to Energy Convers. and Mgmt., 2001.

7. Sienfeld, J. H.; Pandis, S.N., Atmospheric Chemistry and
Physics: From air Pollution to Climate Change, John Wiley and
Sons: New York, 1998.

8. Smith, W. S.; Reisner, J. M.; Kao, C.Y.J., Atmos. Env., 2001, 35,
3811-3821.

9. Reisner, J.; Wynne, S.; Margolin, L.; Linn, R., Monthly Weather
Rev., 2000, 128, 3683-3691.

10. Pielke, R. A., Mesoscale Meteorological Modeling, Academic
Press: London, 1984.

11. Boniface, J.; Shi, Q.; Li, Q.; Cheung, J.L.; Rattigan, O.V.;
Davidovits, P.; Worsnop, D. R.; Jayne, J. T., Kolb, C. E., J.
Phys. Chem. A, 2000, 104, 7502-7510.

Fuel Chemistry Division Preprints 2002, 47(1), 84



FUNDAMENTAL ELEMENTSOF GEOLOGIC
CO, SEQUESTRATION IN SALINE AQUIFERS

James W. Johnson, John J. Nitao, and Carl I. Steefel

Geosciences and Environmental Technologies Division
Lawrence Livermore National Laboratory
Livermore, CA 94550

Introduction

Geologic seguestration represents a promising strategy for
isolating CO, waste streams from the atmosphere. Successful
implementation of this approach hinges on our ability to predict the
relative effectiveness of subsurface CO, migration and sequestration
as a function of key target-formation and cap-rock properties, which
will enable us to identify optimal sites and evaluate their long-term
isolation performance. Quantifying this functional relationship
requires amodeling capability that explicitly couples multiphase flow
and kinetically controlled geochemical processes.

We have developed a unique computational package that meets
these criteria, and used it to model CO, injection at Statoil’s North-
Sea Sleipner facility, the world's first saline-aguifer storage site. The
package integrates a state-of-the-art reactive transport simulator
(NUFTY with supporting geochemical software and databases
(SUPCRT92%). In our Sleipner study®, we have quantified—for the
first time—the influence of intra-aquifer shales and aquifer/cap-rock
composition on migration/sequestration balance, sequestration
partitioning among hydrodynamic, solubility, and minera trapping
mechanisms, and the isolation performance of shale cap rocks.

Here, we review the fundamenta elements of geologic CO,
sequestration in saline aquifers as revealed from model XSH of our
Sleipner study?; this model, unlike CSH® and DSH?®, does not address
the complicating (yet advantageous) presence of intra-aquifer shales.

Reactive Transport Modeling of CO, Injection at Sleipner

In the Sleipner field, CO,-rich natural gas is produced from
3500 m below the seabed. Excess CO, is removed from the
production stream by amine absorption on the platform, then stripped
from the amine and injected—at the rate of one million tons per year
since 1996—into a saline aquifer (the Utsira) 2500 m above the
hydrocarbon reservoir* The 200-m-thick Utsira is a highly
permeable, fluid-saturated sandstone, which is capped by the
Nordland Shae. Hydrologic and compositional properties of the
Utsira are relatively well constrained, while those of the Nordland
Shale are virtually unknown, and must therefore be estimated.

Our reactive transport simulations of CO, injection at Sleipner
focus on the near-field sequestration environment. The adopted
spatial domain extends 600 m horizontally and 250 m verticaly; it
contains a 200-m-thick saline aquifer (35% porosity, 3-darcy
permeability), 25-m-thick shale cap rock (5% porosity, 3-microdarcy
permeability), and an overlying 25-m-thick saline aquifer.® Pure CO,
is injected at the rate of 10,000 tong/yr into the basal center of this
domain (37°C, 111 bars), which corresponds to a 1-m-thick cross-
section though the actual 100-m screen length at Sleipner.3#

Compositionaly, the saline aquifers are represented as impure
quartz sand (80% quartz, 10% K-feldspar, 5% plag-abg,, 3%
muscovite, 2% phlogopite), while the shale cap rock is represented as
60% clay mineras (50% muscovite, 10% Mg-chlorite), 35% quartz,
and 5% K-feldspar.> Mg end-member components (phlogopite, Mg-
chlorite) are used to represent Fe/Mg solid solutions because in situ
oxidation states are unknown.® The saline aquifers and shale are all
saturated with an aqueous phase of near-seawater composition.>*

The simulations are carried out for 20 years, with equal-duration
prograde (active-injection) and retrograde (post-injection) phases.
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Figure 1. Steady-state configuration of the immiscible CO, plume
during (A) the prograde phase after 10 years of continuous injection,
and (B) the retrograde phase 10 years after injection has ceased.

M odeling Results and Discussion

CO, migration/sequestration balance is most conveniently
evaluated in terms of contributions from three interdependent yet
conceptually distinct processes: CO, migration as an immiscible fluid
phase, direct interaction of the immiscible plume with formation
waters, and indirect plume interaction with formation minerals
through the aqueous wetting phase. The first process is directly
linked to hydrodynamic trapping, the second to solubility trapping
and pH evolution, and the third to mineral trapping.

CO, immiscible migration and hydrodynamic trapping.
Steady-state configuration of the immiscible CO, plume during the
prograde phase is redized within one year. In the narrow, sharply
delineated plume cap zone, CO, immiscible saturation increases from
0.55 at this time to 0.65 at 10 years (Figure 1A). The plume column
represents the main conduit of immiscible CO, migration, while the
residua saturation zone (where immiscible CO, is no longer a
contiguous migrating phase) marks the wake of initial plume ascent.

In the near-field environment, roughly 85% of injected CO,
remains and migrates as an immiscible fluid phase ultimately subject
to hydrodynamic trapping beneath the cap rock—a very effective seal
in this model (Figure 1). The immiscible plume establishes and
defines the spatial framework of prograde solubility and minera
trapping. During the retrograde phase, residua CO, immiscible
saturation (Figure 1B) effectively maintains the prograde extent of
solubility trapping and continually enhances that of mineral trapping.

Solubility trapping and pH evolution. As the immiscible
plume interacts and equilibrates with saline formation waters, intra-
plume agueous CO, concentration (primarily as CO,(aq) and HCO3-)
rapidly achieves the solubility limit, while pH decreases:

CO,(f) + H,0 €= CO,(ag) + H,0O €=> HCO; + H* .

For the present chemical system and P-T conditions, equilibrium
aqueous CO, solubility is 1.1-1.2 molal (Figure 2A), accounting for
about 15% of injected CO,. Owing to residual saturation of
immiscible CO, (Figure 1B), this degree of solubility trapping is
virtually constant throughout the prograde and retrograde phases.

The initid pH drop caused by prograde solubility trapping—
from 7.1 to 4.5—catalyzes silicate dissolution, which after 20 years
has increased pH from 4.5 to 5.3 (Figure 2B). This dissolution
hydrolyzes potential carbonate-forming cations (here, primarily Na,
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Figure 2. (A) Solubility trapping and (B) pH after 20 years.

Al, and Mg) within the immiscible-plume source region, and thus
represents the critical forerunner of al mineral trapping mechanisms.
Mineral trapping. There are four distinct mechanisms whereby
CO, precipitates as carbonate minerals.
Intra-plume dawsonite cementation (Figure 3A) is catalyzed by
high ambient Na® concentration, plume-induced CO, agueous
solubility, and acid-induced K-feldspar dissolution:

KAISis0s + Na" + COy(ag) + H,O €=> NaAICO3(OH), + 3SI0; + K*
K-feldspar dawsonite  gtz+chal+crist

This kinetic reaction proceeds to the right with an increase in solid-
phase volume of 17%; hence, it leads to a dlight (0.02%) decrease in
intra-plume aquifer porosity over 20 years® Pervasive dawsonite
cementation will likely be characteristic of saline aquifer storage in
any feldspathic sandstone. In fact, there is a natural analog for this
process. widespread dawsonite cement in the Bowen-Gunnedah-
Sydney basin of Eastern Australia, which has been interpreted to
reflect magmatic CO, seepage on a continental scale.®

Magnesite rind forms along lateral and upper plume boundaries;
genetically distinct, these two processes can be described by:

MgCO; (magnesite) + 2H' €= Mg + COy(ag) + H0.

As intra-plume formation waters, progressively enriched in Mg*
from phlogopite dissolution, migrate outward across lateral plume
boundaries, they traverse steep gradients in CO,(aq) and pH; the net
effect strongly promotes magnesite precipitation (Figure 3B). In the
plume cap zone, CO,(aq) concentration and pH are nearly constant,
but aqueous Mg*? concentration increases most rapidly here because
formation-water saturation is minimized; this leads to magnesite
cementation from the cap-rock interface downward (Figure 3B).
However, magnesite precipitation is most extensive from this
interface upwards (cf. Figures 3B-C), owing to the relatively high
concentration of Mg in clay-rich shaes. The coupled reaction is:

KAISiz0g + 2.5 M@sAl»Siz019(OH)s + 12.5 CO»(a0)
K-feldspar Mg-chlorite
€>
KAI3Siz019(OH); + 1.5 AlxSi205(0H)4 + 12.5 MgCOs + 4.5 SIO, + 6 H20.
muscovite kaolinite magnesite  gtz+chal

This kinetic reaction proceeds to the right with an increase in solid-
phase volume of 18.5% (magnesite accounting for 47 vol.% of the
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Figure 3. Mineral trapping mechanisms: (A) intra-plume dawsonite
cementation, (B) magnesite precipitation—lateral and upper plume
boundaries, and (C) magnesite precipitation—shale cap rock.

product assemblage), which after 20 years has reduced porosity and
permesbility of the 5-m-thick cap-rock base by 8% and 22%.2

Conclusions

Geologic CO, sequestration in saline aquifers can be subdivided
into three fundamental elements: prograde migration of the
immiscible plume, direct interaction of the plume with formation
waters, and its indirect interaction with formation/cap-rock minerals
through the aqueous wetting phase. In the near-field environment of
Sleipner-like settings, relative effectiveness of the associated trapping
mechanisms on a mass basis is hydrodynamic (85%) >> solubility
(15%) >> mineral (<1%).

Although seemingly negligible, mineral trapping has enormous
strategic significance: it improves cap-rock integrity and thereby
improves containment of the voluminous immiscible plume.
Moreover, the prograde extent of mineral trapping is continuously
enhanced during the retrograde phase—which spans geologic time
scales—by the presence of residual CO, immiscible saturation in the
aquifer and hydrodynamically-trapped CO, beneath the cap rock.?

Intra-aquifer shales, solid solutions, and other refinements do
not modify the set of fundamental elements reviewed above; they do
impose key variations on the style and interaction of these elements.®
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Introduction

The economic capture of CO, from mixed gas streams for
purification and/or use in CO, sequestration remains a substantial
hurdle to the widespread application of greenhouse gas remediation.
We have developed technologies to help address this need. Our
technology development program devised reactors for the efficient
removal of CO, from Human Space Flight crew environments (e.g.
space shuttle, space station, and spacesuit). More recently it has
involved the study of CO, removal from natural gas, and as described
here the CO, capture from a wide variety of sources. We have
generated an enzyme based contained liquid membrane (EBCLM)
reactor as the technological basis for a family of CO, removal and
capture devices.

The EBCLM works as follows: CO, in a mixed gas stream
diffuses across a microporous hydrophobic membrane to contact an
aqueous buffered enzyme solution. The enzyme, carbonic anhydrase
(CA — EC 4.2.1.1), greatly increases solvation via catalytic hydration
of CO, resulting in the formation of bicarbonate. Bicarbonate
diffuses across the liquid membrane. At the permeate side gas-liquid
interface CA catalyzes the dehydration reaction and CO, is released
to the sweep gas stream having diffused through a second
microporous hydrophobic polymer membrane.

Experimental

Materials and methods

Bovine carbonic anhydrase (BCA2 - Sigma Chemical Co.) was
used as the enzyme catalyst. The buffer was made from monobasic
anhydrous potassium phosphate (99.0% purity - Sigma) and dibasic
anhydrous sodium phosphate (99.5% purity - Fisher Scientific).
Microporous polypropylene (Celgard PP-2400 - Celanese) was used
to contain the enzyme/buffer solution. The Celgard PP-2400
membrane is 25.4 um thick, with a porosity of 35%, a nominal pore
size of 41 nm x 120 nm with a tortuosity value of 5 [1]. The thickness
of the liquid membrane was controlled by the use of polyester mesh
(Small Parts Inc., CMY-200) spacers cut in the form of flattened O-
rings. Gases, purchased from Matheson, included ultra-zero air, ultra
high purity argon and high purity CO,. Air and argon were purged of
residual CO, by a purification column (OMI-4, Supelco) before being
used.

Bioreactor configuration and test stand setup

The membrane reactor is constructed by sandwiching a CA
containing phosphate buffered solution between two polypropylene
membranes. Perforated metal screens (Millipore) retain the polymer
membranes. The total liquid membrane area is 380.1 mm’. The
thickness of the aqueous phase was 330 um. The liquid membrane
volume was maintained by means of a fluid reservoir. The feed gas
stream delivered via an Environics mass flow controller (Environics,
Series 2020 — NIST-traceable calibration). The composition of gas
was measured by mass spectrometer (Questor IV, ABB Extrel) The
separation performance includes selectivity (0=Q;/Q;) and permeance

(Q= J/AP) where J is the flux through the membrane and AP is the
partial pressure difference across the membrane. The unit of Q is mol
m™? Pa’'s”, i, and j are permeance for species i and j, respectively.

Results and Discussion

Table 1 contains examples of selectivity and permeance values
that have been obtained using the EBCLM. Along with these values
Table 1 provides information regarding the feed stream CO,
concentration, the concentration of CA and buffer in the liquid
membrane, and the sweep stream condition (pressure and
composition). Figure 1 provides a different view of these results in a
plot of selectivity versus permeance. This plot also contains
information obtained from the literature detailing the performance of
competing membrane technologies.

Table 1. Examples of Selectivity and Permeance for CO,
Separation from Air, Oxygen, and Methane

Sweep [COj]in [CA] [Buffer] Selectivit Permeance Other Gas(e
pressure  feed y
kPa (%) (mg/ml)  (mM) (mol/mz-
Pa-s)
101.3  0.23% 5.0 75 1401 1.44E-7 N2 & O2
-70.0 0.50 5.0 75 269.0 8.0E-09 0,
-70.0 0.50 20.0 800 335.7 8.3E-09 (o7}
101.3 2.44 5.0 75 187.4 7.4E-09 CHgy4
6000 : 7
| [}
IGlycerol LM !
5000 1A |] '
|| [] EDA/PAA/PE i| NASA Target
| |
4000 { i D
Z A i
=
B 3000 | i :/'
3 | L :
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AE CA Reactor . i
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Permeance (mol/m*-s-Pa)
Figure 1. Performance of the EBCLM and Competing Membranes -

CO, Removal from Air and Other Low Concentration Sources

As seen from Figure 1 the use of traditional nonporous polymer
membranes (e.g., PEI/PVA) for CO, separation from air provides
very low permeance and selectivity [2]. With the use of the glycerol
LMs reported by Sirkar and colleagues [1] and the EDA/PAA/PE gel
filled membranes of Matsuyama et al. [2] it is possible to obtain high
selectivity versus N,, but the permeance values are at best moderate.
While these high selectivity membranes can provide good CO,
enrichment, the low permeance means large membrane area is
needed. This will increase the volume, weight and cost of the
membrane device. The data given in Figure 1 for our CLM (closed
circles) shows the evolution of its performance [3-8] and the NASA
target. Our EBCLM both high permeance and high selectivity are
possible, making this CA based EBCLM desirable for use in the
capture of CO, from very low concentration sources.
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Understanding EBCLM Performance

Because the configuration of EBCLM is complicated space and time
restrictions prevent full coverage of the topic. The focus here is on a
few select influences on EBCLM performance. These include CA
chemistry and the influence of environmental factors on CA activity;
physical and chemical configuration of the EBCLM (e.g., LM
thickness, buffer composition and buffer concentration), and
operational factors which influence optimization of the EBCLM
design for use in a particular application (e.g., effects of feed and
sweep gas composition and pressure).

CA Chemistry

CA is a naturally occurring enzyme that increases the rates of
hydration of CO, to form H,CO;, and the dehydration of H,COj; to
form CO,. As expected from the importance of CO, to living
organisms CA is present in all animals, most plants, and many fungi,
archaea, and bacteria. CA provides a means of making a set of
reactions that occur quickly at extremes of pH occur quickly at more
neutral pH. Figure 2 illustrates, as a function of pH, the rates of CO,
hydration and dehydration for both the uncatalyzed and the CA
(HCA 1I) catalyzed conditions. From Figure 2 it is clear that without
CA low values of pH favor the dehydration of H,CO;; high pH favors
hydration of CO,; and over the range of pH shown (5 to 10) both
rates are quite slow. When CA is present there is an approximately
100 to 1000 times increase in the rate of the hydration and
dehydration reactions over this entire pH range.
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Figure 2. Effect of pH on the Rates of CO, Hydration and H,CO;
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Figure 3. Effect of Thickness on separation performance

Other influences on CA activity include temperature, ionic strength,
the concentrations of carbonate and bicarbonate, and the
concentration of specific inhibitors of the enzyme such as halides.
The particulars of these influences depend on which CA isozyme is
in use

EBCLM Configuration — Liquid Membrane Thickness

Figure 3 illustrates the way in which liquid membrane thickness
influences the selectivity and permeance of the EBCLM. The results
show that as thickness increase, selectivity increases but permeance
decreases.

Conclusions

The creation of a CA-based EBCLM accomplishes the
following: the generation of a highly selective, high permeance CO,
capture membrane capable of removing CO, from a variety of gas
mixtures over a range of temperatures and pressures. The CO, can be
removed when very dilute (<0.1%) to moderate concentrations
(~20%). In current form this system is capable of operating to at least
45°C but may be modified to temperatures possibly as high as 75°C.
The system operates independent of relative humidity in the feed or
sweep streams and can use a wide variety of gases in the sweep. The
design relies on CA to convert a solution-limited process to a
diffusion-limited process. Finally, the various parameters controlling
the design can be identified, analyzed, modeled and independently
manipulated. The performance characteristics, if maintained on
scaling and with long-term stability support the idea of a dramatic
improvement in CO, capture efficiency and consequent decrease in
cost, a key to industrial and environmental application.
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Introduction

Hydrogen fuel cells have been under advanced development for
a number of years and are now nearing commercial applications.
Direct carbon fuel cells have, heretofore, not reached practical
development because of difficulties in fuel and electrolyte
configuration. The carbon/air fuel cell has the advantage of near zero
entropy change allowing 100% theoretical thermodynamic efficiency
at temperatures to 1000°C. The activities of the C fuel and CO2
product are invariant allowing constant EMF and full utilization of
fuel in a single pass mode of operation. The hydrogen fuel cell has a
theoretical thermodynamic efficiency of only 70% at 1000°C and the
activity of the H, fuel and H,O product limit utilization to 80% in a
single pass (Table 1). A direct carbon fuel cell is currently being
developed which utilizes clean reactive carbon particulate in a
molten carbonate salt slurry. Concentrated CO, is evolved at the
anode and oxygen from air is utilized at the cathode (Fig. 1).'"? At
temperatures of 750°C to 850°C, a voltage efficiency of 80% has
been achieved at a power density of 1Kw/sqM (Fig. 2).""? The clean
carbon and hydrogen fuel is produced from (1) natural gas, by
thermal decomposition (Fig. 3), (2) petroleum, by pyrolysis coking
(Fig. 4), (3) coal, by sequential hydrogasification and thermal
pyrolysis (Fig. 5), and (4) biomass, by sequential hydro- and thermal-
pyrolysis (Fig. 6), and are integrated with C and H,, fuel
cells for power cycle estimates.”) Thermal to electric efficiencies
indicate 80% (HHV), 85% (LHV) for petroleum, 75.5% (HHV),
83.4% (LHV) for natural gas and 68.3% (HHV), 70.8% (LHV) for
lignite coal (Table 2). The benefits of integrated combined carbon
and hydrogen fuel cell power generation cycles include, (1) more
than twice the efficiency of conventional fossil fuel steam plants, (2)
reduced power generation cost, especially for increasing fossil fuel
cost, (3) reduced CO, emission by over a factor of 2 or more, and (4)
capability for direct sequestration or utilization of the concentrated
CO, from the carbon fuel cell effluent.
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Table 1. Comparison of Efficiencies of Fuel Cells Using
Synthetic or Refined Fuels Operating Temp. 750°C - 850°C

Thermal Efficiency Fuel
100%AG/AH Utilization ~ Voltage Net
Fuels % Factor  Efficiency Efficiency
C 100.3 1.0 0.8-0.9 0.80-0.90
H, 70.0 0.75-0.85 0.8 0.42 - 0.48
CH," 89.0 0.75-0.85 0.8 0.53-0.60

*Assumes efficient internal steam reforming reaction. Direct
electrochemical reaction of methane at a catalyst surface does
not occur at practical rates.

+ T

amece  Electric power out

0:420034€ -'-.?,COf

i

ANopE

C+2 C0,=3C0,+4€"

Net reaction:
C+0,=C0,

Carbon in

Reactive, nano-scale
disorder C from themal
decomposition of CH,

— Al out

CO, out

[+ Total efficiency ~ 80% of Ay,

+ Pure CO, product for reuse/sequestration

+ Use highly reactive carbons from CH, pyrolysis
+ Inherent simplicity

Figure 1. Direct Carbon Conversion (DCC): electric power from
electrochemical reaction of C and O,.
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Figure 6. Biomass fueled carbon fuel cell power plant.

Fuel Chemistry Division Preprints 2002, 47(1), 87



HIGH-PRESSURE WATER TUNNEL FACILITY FOR
OCEAN CO, STORAGE EXPERIMENTATION
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Anne M. Robertson and Igor V. Haljasmaa
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Introduction

In recent years, considerable effort has been devoted to
investigating non-atmospheric storage of anthropogenic CO,
emissions [1,2]. Deep ocean disposal (>500 m depth) is being
considered as one option for long-term storage of large quantities of
CO,. The capacity of the Earth’s oceans for CO, sequestration has
the potential to exceed that of all other alternatives[2].

Such a serious action as large-scale CO, sequestration requires
extensive and thorough investigation of all aspects of the process,
including CO, fluid particle behavior after injection. Predicting the
behavior of liquid CO, injected into the ocean at depths greater than
500 m is complicated by formation of crystaline CO, clathrate
hydrate. Hydrate can form as discrete particles or as shells on CO,
drops and significantly affects mechanical and chemical particle
behavior (buoyancy, dissolution
rates, etc.) [3]. Experiments in Flow
the ocean are very expensive
and difficult to perform. It
would be preferable to use
laboratory facilities designed to
simulate the deep ocean.

A previous publication [3]
described the initial efforts of
the National Energy Technology
Laboratory (NETL) of the U.S.
Department of Energy to

develop experimental  units

intended to model direct ocean

sequestration.  We  discussed ggpg;n t
some aspects of the development d ;

of a High-Pressure Water

Flow Conditioning Elements

Tunnel Facility (HWTF) and or
outlined steps for design
optimization. Assembly of the
HWTF is now complete, and ObJe{.:t of
experiments with CO, droplets negative
will soon be initiated. This buoyancy

paper describes recent design
optimization efforts.

TheHWTF

The water tunnel associated
with the HWTF is depicted in
Figure 1. It consists of a test
section integrated into a closed
flow loop with a centrifugal
variable-speed pump and control
vaves for precise water
circulation control; a syringe
pump to generate and control
high pressure in the system; and
a chiller for cooling the system Figure 1. Water tunnel schematic.
to deep-ocean temperatures. The

Reverse flow for
object of negative
buoyancy

pressurized components are located in a securely-isolated and
structurally-reinforced room. Observations and control of al the
system components are performed from a control room computer by
means of programs developed using Labview software from National
Instruments.

Two conical test sections alow stabilization of either arising or
sinking fluid particle by countercurrent flow. Severa ports on
different levels of the test section serve for fluid/gas injection into the
system. For direct observation of fluid particle behavior, as well as
for automatic control of the particle motion, both conical sections
have two pairs of windows. The HWTF can operate under pressures
up to 350 bars and temperatures down to the freezing point of the
circulating fluid.

Experiments in the HWTF will be more cost effective than
direct experiments in the ocean; however, there are legitimate
concerns about being able to adequately simulate fluid particle
behavior in such an experimental facility. Therefore, it is important
that the design and operation of the unit minimizes any unnatural
chemical or physical behavior.

The parameters most easily set to real ocean conditions include
water salinity and alkalinity, pressure and temperature. For salinity
and akalinity, natural or artificially constituted ocean water can be
used. The pressure and temperature in the system can be varied
during the experiment to simulate that experienced by a particle
rising or sinking in the ocean. It is more chalenging to simulate the
level of dissolved CO,. Finaly, the most significant concern is the
dynamic behavior of a particle in a relatively small pipe (ID=51-
75mm); that can be dgtrikingly different from its free ocean
counterpart. Thislast issue is discussed below.

Discussion

Reference 3 describes a Low-Pressure Water Tunnel Facility
(LWTF) designed and operated at NETL. The LWTF serves as a
benchmark system to test fluid particle behavior for various test
section designs and flow conditions. It is also used to develop and
evaluate theoretical models of the system. The section below
describes some experimenta results on the LWTF unit and their
applicability to the HWTF.

Flow conditioning elements are used to provide a desired
velocity profile for lateral stabilization of a fluid particle in the test
section. They are composed of a bundle of small (from 1/9 to 1/15 of
pipe ID) straws of different length located in the straight pipe above
and below the test section. The centra part of the conditioner
typically has longer straws, causing a local velocity minimum in the
center of the pipe (for more details see Reference 3). An automated
traversing Pitot tube system was used to determine the velocity
profilesin the test section.

Figure 2 displays the development of a representative velocity
profile downstream of the flow conditioner. The length of the region
adjacent to the conditioner outlet where the influence of individua
jets from the straws is pronounced depends on the flow rate and straw
diameter. This zone of active mixing and high shear rates should be
avoided by the fluid particles. For example, in the experiment
depicted in Figure 2, a particle should be kept at a distance of at least
2 pipe ID’s (D = x;) from the conditioner. However, a problem will
also arise if the particle is too far away from the conditioner outlet
and the desired profile is lost. Fortunately, the development length
for a single straw (order of centimeters) is much less than the
development length for the whole pipe (order of a meter). Therefore,
these data show that the desired velocity profile can be achieved and
the high-shear region avoided.

In the process of this research, concepts on the shape of the
optimal velocity profile underwent significant evolution. Early flow
conditioners were designed to stabilize an air bubble. The properties
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of ar (negligible
density compared to
water)  required a
design with a deep,
narrow well in the
velocity profile at the
center of the pipe
Though these
conditioners managed
to keep the bubble
relatively stable near

0.01D

0.8 DI

16D

IRl
[ dds)

Distance from conditioner

the pipe axis, they did 2.4 DI

not provide a good

simulation of particle |

behavior  in  the 2 1 0 1 2

oceanic  environment.
The narrow velocity
well restricts natural
lateral motion of a
particle, which often
occurs as a particle rises in water in geometries with negligible wall
effects [4]. In addition, the high velocity gradients of the narrow
velocity well, can dter flow patterns around the particle compared
with flow in the open ocean. These altered flow patterns can cause
unredistic heat and mass transfer and material shaving from the
particle. They may also affect hydrate formation and dissolution
kinetics.

The purpose of more recent flow conditioners was to provide a
wide velocity well with relatively low-velocity gradients near the
center. Such a profile would keep a particle away from the wall and
a the same time alow some freedom of latera motion. The
maximum velocity gradient in the profile should a so be kept as small
as possible to minimize deviation from natural heat and mass

Radial position in pipe, cm

Figure 2. Velocity profile develop-
ment in the LWTF.
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Figure 3. Effect of conditioner size on velocity profiles.

transfer. Figure 3 depicts velocity profiles for 3 similar conditioner
designs. They were obtained by progressive shortening (from
conditioner 1 to 3) of the central section of straws. In light of the
above factors, conditioner 3, with the flattest central part and lowest
velocity gradient, would be the most preferable.

These conditioners were used to stabilize a particle of vegetable
oil (Specific Gravity=0.91). Oil particles with an equivaent
diameter in the range of 0.3 cmto 1 cm were successfully kept in the
test section for severa hours (equivalent diameter of a non-spherical
particle is defined as the diameter of a spherical particle with the
same volume).

Under certain assumptions, the behavior of aliquid particlein a
fluid flow may be uniquely defined by two dimensionless parameters,
the Eotvos and Morton numbers [3]:

Eo=N0pgD? 1y and Mo=0pgu’ i(py?),
where p and p — fluid density and viscosity, Ap — particle-fluid
density difference, y — interfacial surface tension on particle liquid

boundary, D,— equivaent particle diameter. These two parameters

for an oil particle in LWTF are relatively close to the values for a
CO, particle at the depth of approximately 1000 m. For example, for
a particle with an equivalent diameter of 4 mm, the dimensionless
numbers for both cases fal into the range. Eo=0.6-0.75 and

Mo =05-15x10710

physical systems is Eo =0.01-1000 and Mo = 1072 -10%, and
rising velocity dependence from these parameters is rather
monotonic. Hence, we expect that behavior of both particles will be
very similar. Therefore, model experiments with vegetable ail in the
LWTF are used to mimic the behavior of CO, drop in the HWTF.

For proper simulation, the size of a fluid particle must not only
be significantly smaller than the pipe diameter, but aso the width of
the ‘velocity well’. In particular:

De <<Dpipe’ (au/ay)De <<uav'

where u and du/dy are the axia velocity and its gradient at the

position of the particle. This will help to minimize the wall effects,
as well as lateral particle migration caused by velocity profile
gradients. Since the lift force is proportional to some powers of
particle size and velocity gradient, even low gradients can cause
significant lift on relatively large particles. Based on the profile
shapes from Figure 3 and noting that the pipe diameter in the
stabilization area is about 6 cm, we expect that a suitable size for the
particle would be about 0.5 cm (particle cross section area / pipe
Ccross section area < 1%).

In the LWTF with the velocity profiles shown in Figure 3, we
also noticed differences in the behavior of solid and liquid particles
of the same volume. An ail particle with an effective diameter of
about 1-1.5 cm successfully remained in the central part of the pipe,
close to the location of the local velocity minimum. Solid particles of
the same diameter tended to stabilize away from the pipe center.

Unfortunately, there have been no systematic experimenta
studies devoted to buoyant solid or liquid particle behavior in vertical
pipe or channel flows. Thus, systematization of such a behavior and
attempts to revea its mechanisms are interesting and challenging
theoretical and experimental studies. An additional complication is
possible if a thin hydrate shell forms on a CO, particle. Such an
encased particle is intermediate between a solid or liquid particle and
its behavior will likely differ from both.

The full range of these parameters for
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Hybrid Mesoporous Materials for
Carbon Dioxide Separation
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Introduction

Gas separation processes are becoming increasingly important in
a world changing the way it looks at energy production and its
emissions. Increased energy demand has led to an increase of fossil
fuel burning, releasing large amounts of gases such as CO, into the
atmosphere. This is the major cause of several environmental
phenomena, including the ‘greenhouse effect’'.

Methods for long-term sequestration of CO, have been
proposed. Long term storage in used oil wells and deep ocean waters
is being considered as an alternative to releasing CO, into the
atmosphere.? There are also proposals to re-use CO, produced from
one process in another process such as dry reforming of natural gas.’
However, such applications would require CO, to be ‘captured’ in
concentrated form.

One common method for CO, separation from mixed gas
streams is by absorption in aqueous solutions of alkanolamines®, for
example monoethanolamine (MEA) or diethanolamine (DEA). It is
widely accepted that CO, becomes absorbed via the formation of
both carbamates and bicarbonates.

However, some of the problems associated with this absorption
approach include: (a) the corrosive nature of the scrubbing solutions
leading to the build up of corrosion by products; (b) vapourisation
losses due to relatively high volatility of alkanolamines; and (c)
energy intensive regeneration of the absorbent solutions, due to high
heats of dissolution”.

A recent report by Leal et al>® indicated that CO, reversibly
adsorbs on silica gel (Davidson grade 62) modified by the addition of
3-aminopropyl groups bonded to the surface. In this solid phase
analogue of the liquid phase process the amine functional groups
behave as active sites for CO, chemisorption. Adsorption capacities
of approximately 10 STP cm3 dry CO, per gram of adsorbent (or
1.8% by weight) were achieved at room temperature and the CO,
could be desorbed at temperatures below 100°C. The mechanism of
adsorption appears to involve the formation of surface bound
carbamates (see Figure 1). In dry CO,, this limits the adsorption
capacity to 1 mole of CO, for every 2 moles of surface bound amino
groups. In the presence of water, however, the capacity for CO,
adsorption doubles since the possibility for proton transfer allows the
carbon dioxide adsorption capacity to be doubled by the
transformation of surface bound carbamate into bicarbonate.
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Figure 1. Scheme of the surface reaction of carbon dioxide with
modified HMS materials

The silica gel used by Leal et al has a substantial surface area
(380 m%/g), but we reasoned that much improved CO, adsorption
capacities could be achieved with (a) the use of higher surface area
support materials and/or (b) the use of surface modifying groups that
contain more amine functional groups.

In this study, solid phase hexagonal mesoporous silicas (HMS)
of known porosity (pore diameter) were modified using aminopropyl-
trimethoxysilane and related compounds to provide very high surface
area materials with varied concentrations of surface bound amine and
hydroxyl functional groups (see Figures 2 and 3).
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Figure 2. Modified HMS materials with increasing amine content
employed in the present study.
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Figure 3. Modified HMS materials with increasing hydroxyl group
content employed in the present study.

Experimental

Preparation of HMS. HMS materials were prepared by the
neutral template method’ using dodecylamine (DDA). The reaction
involved the addition of tetraethyl-orthosilicate to the amine template
in a water and ethanol solution, which was left to age at ambient
temperature for 24 hours. The solvent was then removed from the
crude "template filled" silica formed via evaporation under gentle air-
flow at ambient temperature. The template was subsequently
extracted from the crude silica into hot ethanol. The remaining solids
were then collected over filter, washed with hot EtOH and finally
dried under vacuum at 150°C to form an HMS product with a total
pore volume of 0.53 mL/g.

Preparation of Hybrid HMS. Five modified HMS materials
were prepared as illustrated by Figures 2 and 3. Aminopropyl-
trimethoxysilane (APTS), aminoethyl-aminopropyl-trimethoxysilane
(AEAPTS) and N-[3-(Trimethoxysilyl)propyl)diethylenetriamine
(DAEAPTS) modified HMS were prepared in toluene solution (room
temperature, 2h) using a published alkylsilylation procedure®.
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Ethylhydroxyl-aminopropyl-trimethoxysilane (EHAPTS) and
diethylhydroxyl-aminopropyl-trimethoxysilane (DEHAPTS)
modified HMS were prepared by N-alkylation of the APTS HMS
using bromoethanol in ethanol solution (room temperature, 2h). The
modified silica was then filtered and dried under vacuum at 150°C.

Characterization of Materials. N, adsorption/desorption
experiments were conducted at —196°C using a Micromeritics ASAP
2010 instrument. BET surface areas (SA) were determined from the
adsorption isotherms over the partial pressure range 0.05 - 0.22. BJH
pore size distributions were determined from the desorption
isotherms. Mass % elemental N compositions were determined by
CMAS P/L, Belmont Vic.

Carbon Dioxide Adsorption. CO, adsorption and desorption
experiments were conducted on a Setaram Thermogravimetric
analyzer (TGA). In a typical experiment, the adsorbent sample was
heated to 150°C (held 40 min) under flowing Ar (60 mL/min) to
remove residual water. The sample was cooled to 20°C before the gas
flow was switched to CO,. CO, adsorption capacities were
determined from the weight increase observed after 75 minutes CO,
exposure. After 75 minutes, the gas flow was reverted to Ar so as to
monitor the CO, desorption. Approximately 90% of the adsorbed
CO, was desorbed immediately. The remaining CO, was removed by
heating the adsorbent to 65°C. High purity CO, (99.95%) was used
with a manufacturer specified moisture content of <100 ppm. In some
experiments, a molecular sieve trap was placed on the feed gas line to
ensure the complete exclusion of water from the gas feed stream.

Results and Discussion

Table 1 reports the properties determined from nitrogen
isotherm characterization of the HMS materials prepared in this
study. It can be seen that the unmodified HMS material has an
average pore diameter and surface area of 24.1A and 1425m%g,
respectively. Both these figures are substantially higher than the
corresponding figures (14.0A and 340m”/g, respectively) reported for
silica gel described in references 5 and 6. In addition, it can also be
seen that the pore diameters and surface areas are both reduced as the
length of the modifier used or the extent of substitution at the N atom
increases.

Table 1. N, Isotherm Results for Modified HMS Materials

Sample BET SA BJH Av. Pore Dia.
(& 10m%/g) (£0.24)
HMS 1425 24.1
HMS-APTS 1268 20.1
HMS-AEAPTS 1047 19.6
HMS-DAEAPTS 869 18.6
HMS-EHAPTS 1186 19.3
HMS-DEHAPTS 1108 19.0

Table 2 reports the carbon dioxide adsorption capacities that
were observed for these materials. The unmodified HMS material
itself has the capacity to adsorb 2.0% CO, by mass. This is already
higher than the 1.8% reported for APTS modified silica gel.
However, the CO, adsorption capacity is substantially further
improved through modification with N-containing tethers. HMS-
APTS adsorbs 3.8% CO, by weight and the incorporation of more N
atoms and/or hydroxyl groups into the tether increased CO,
adsorption still further. In all cases the, adsorbed CO, was
completely desorbed at temperatures below 100°C.

It is interesting to note that for HMS-APTS, HMS-AEAPTS and
HMS-DEAPTS the ratio of carbon dioxide molecules adsorbed per

available N atom is approximately 0.5. This is consistent with the
carbamate formation mechanism postulated for silica gel (Figure 1).

Table 2. CO, Adsorption Results for Modified HMS Materials

Sample Weight % N CO, mole CO,
incorporated adsorption adsorbed /
in sample capacity mole N
x0.1) Weight % incorporated
(£0.1)
HMS 0 2.0 -
HMS-APTS 2.3 3.8 0.54
HMS-AEAPTS 5.1 7.5 0.46
HMS-DAEAPTS 6.4 8.2 0.41
HMS-EHAPTS 2.1 5.0 0.74
HMS-DEHAPTS 1.5 5.1 0.98

With HMS-DEHAPTS the ratio is approximately 1. Tertiary
amines cannot form stable carbamates so that another mechanism
must be invoked to explain the substantial enhancement of adsorption
capacity (and changed stoichiometry) that is observed in the presence
of hydroxyl groups. Currently it is thought that the hydroxyl groups
may serve to stabilise carbamate type zwitterions in a manner
depicted by Figure 3. The CO, adsorption behaviour of HMS-
EHAPTS can then be understood as a mixture of the two mechanisms
(some carbamate formation and some zwitterion stabilization).

:N :
+CO,
HO

N
o=
HO 0

Figure 3. Proposed scheme of the surface reaction of carbon dioxide
with HMS-DEHAPTS.

HO
HO

Conclusions

Modified HMS materials have been shown to reversibly adsorb
substantially more CO, than previously observed for modified silica
gel. There is substantial scope to further tailor the surface of HMS
materials to achieve higher adsorption capacities and more selective
adsorption behaviour. On a stoichiometric basis the same adsorption
capacities are observed as for the liquid phase absorption process.
Thus the development of a solid phase adsorption analogue of the
current liquid phase absorption process may offer technical benefits.
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Introduction

Sequestration of CO, within coal seams that are either too
deep, thin, or uneconomic has been suggested to mitigate climate
change. Additionally, if there is methane present within the coal it
can be replaced with the carbon dioxide, apparently at a 2:1 ratio
(1) thus releasing CH, to help offset the sequestration cost. We
have utilized computational molecular modeling to investigate
the forces involved between bituminous coal structure (or
idealized pores) and the molecular species CHs and CO,. The
molecular computations and simulations provide useful
information on accessible pore volumes, energy of interactions
between host and guest molecules, self-diffusion coefficients,
identification of likely sorption sites, impact of carbon dioxide
sorption/methane exchange upon the  coal matrix
(expansion/contraction), and competitive adsorption isotherms.

Experimental

Density functional theory, second-order Moller-Plesset
theory, and classical molecular dynamics were utilized to
investigate three chemical models of coal. In order of increasing
model sophistication, small molecules (CHs, CO,, and N) were
complexed with (a) anthracene, (b) nanotube(s), and (c) model of
bituminous coal structure. Our goal is to uncover the fundamental
physical interactions between small molecules and simple
aromatic structures, and use the computed information to enhance
the sequestration of CO, in more complex coal structures.

Anthracene Model. All density functional theory
calculations were carried out with the Gaussian 98 program (2),
using a 16-node SP IBM RS/6000 super computer. The Becke
three parameter exchange functional and the nonlocal correlation
functional of Lee, Yang, and Parr (B3LYP) with 6-31G(d) basis set
was employed. All energy optimizations and frequency analyses
were performed using the B3LYP/6-31G(d) level of theory, which
has been shown to produce realistic structures and energies for
weak nonbonding interactions between aromatics and small
organic molecules. Vibrational frequency calculations at the same
level of theory were used to confirm all stationary points as either
minima or transition structures, and provide thermodynamic and
zero-point energy corrections. The energy profile for CHs, CO,,
and N traversing across anthracene, see Figure 1, are investigated
to determine the structure and energy of interaction as the small
molecules passes over the aromatic structure.

- a

4
Figure 1. Oblique View of CO; Interacting with Anthracene.

Nanotube Model. Insight Il was used to plot the energy
profile of the gases within idealized pores, here treated as
buckeytubes and buckyballs. In our first case, a nanotube was
constructed, as shown in Figure 2. Dummy atoms set along the
centerline of the “pore” was used to define a pathway for the
molecules. A strong harmonic “pushed” the guest molecule along
the defined pathway and the structure allowed to minimize. To
save computational expense the “pore” was rigid and did not
relax or strain with the passage of the molecule. Step size along
the centerline was 0.2 A. The dummy atoms were placed several
rings within the tube to reduce “end effects”. The energy of
interaction between the host and guess molecule were followed.
Similar techniques have been used in Zeolite simulations (3) and

S3asssasatasaatiaie:
SRR

Figure 2. 3D Representation of a nanotube with CH4 and CO,
inserted in its cavity.

Classical molecular dynamics calculations were performed to
compute the potential of mean force of each solute through the
nanotube model. Self-diffusion coefficients were also computed
using molecular dynamics simulations.

Bituminous Coal Model. Recent experimental and
computational advances have the potential to produce a first-time
reasonable constitutional model (chemical and physical
structure) and enable its use. First, structural diversity may be
incorporated through the combination of high-resolution
transmission electron microscopy (HRTEM) and laser desorption
mass spectroscopy, which has not been previously included into
a three-dimensional structural model of coal (4). Secondly,
methodological advances in molecular simulations that have
been successfully applied to biomolecular systems and new
engineering materials coupled with available high capacity and
high speed parallel super computers make the modeling of CO;
sequestration by coal realistic and practical. A relatively
simplistic three-dimensional model of bituminous coal structure
(5) is given in Figure 3.
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Figure 3. Porosity (green spheres) of a Bituminous Vitrinite Coal
Model

The CHARMM (6,7) force-field was used in our simulation work
(many more will be evaluated). Constant pressure molecular
dynamics have been carried out using periodic boundary
conditions. Physical aspects such as porosity will be compared to
experimental values to ensure a reasonable representation of our
proposed large-scale coal model simulation (> 50,000 atoms). The
time-scale used will be consistent with the diffusion times of the
slowest diffusion rates.

Results & Discussion

Figure 4 shows the relative size and shape of the three
gasses: nitrogen, methane, and carbon dioxide. The sizes appear
similar to the naked eye although significant differences in size
are present (when in appropriately sized pores), although methane
is bulkier. The quadrupole and octapole from the higher-level
quantum mechanical computations are also used to better
understand the sorption of the small molecules to aromatic
surfaces.

Figure 4. Relative Size and Shape of N, CH, and CO,

To test the molecular interactions, a low level of molecular
modeling was first utilized. The results of this basic simulation
are shown in Figure 5. Nitrogen as expected had the “easiest”
transition through the “pore”. The shape of the molecule
permitted the long axis to lie perpendicular to the “pore” axis and
low energetic strain indicated only slight conformational changes
where required. Methane being a bulkier molecule has to undergo
conformational changes to “squeeze” through the pore. An
oblique view of both CO; and CHj4 inside of the nanotube is given
in Figure 6. Greater peaks and valleys in the plot (Figure 5)
indicate conformational changes to accommodate the passage.
These conformational changes can be treated as an apparent
activation energy. This low apparent activation energy indicates
the molecule will pass though the pore with little retention.
Carbon dioxide however has a very different profile and a much
higher apparent activation energy to the passage within the pore.
Several local energy minima and global energy minima are

present. These are sites where the interaction energy between the
host and guest molecule would require significant
conformational rearrangement to proceed through the pore,
possibly becoming “trapped” within the pore.
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Figure 5. Energy Profile of CO,, CH4 and N, within a Nanotube

Figure 6. CPK representation of CO; (front) and CH4 (back) inside
the nanotube.

Conclusions

We aim to use accurately computed atomic-level structural
and dynamical information to aid in the creation of technology
for optimal geological sequestration of CO,. Our strategy is to
generate a realistic and testable three-dimensional state-of-the-art
molecular model of Pocahontas No. 3 coal by incorporating new
structural diversity information based upon HRTEM and laser
desorption data (rather than average values), while maintaining
traditional analytical information (i.e., H/C aromaticity) and
physical parameters (i.e., density and pore volume). Large-scale
molecular dynamics simulations (> 50,000 atoms) will be carried
out on this model to follow its structural changes during addition
of CO; and removal of CH4. The simulation work will also be used
to determine the differences in sorption characteristics and
diffusion rates between CO,, H,0O, N2 and CH4. This significance of
the proposal is that new opportunities in the optimization and
gaseous management necessary for low-cost forms of CO;
sequestration will result from this novel procedure.
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NETWORK MODELING OF BRINEFIELD CO,
SEQUESTRATION: DISPLACEMENT EFFICIENCIES
AND FUNDAMENTAL LIMITATIONS ON CO,
STORAGE VOLUMES
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National Energy Technology Laboratory, 3610 Collins Ferry Rd.,
Morgantown, WV 26505-0880, duane.smith@netl.doe.gov, W: 304-
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The sequestration of liquid carbon dioxide in deep brine-saturated
formations has been cited as an important potential component in an
overall carbon dioxide sequestration strategy. Brinefield
sequestration of CO, is a commercially-proven technology; however,
the effective saturation of carbon dioxide in brine-saturated
formations is very low, on the order of a percent of available void
space. It is known that fluid viscosity, fluid density, and interfacial
tension are significant factors in determining the efficiency of
displacement in two-phase fluid flow.

We have developed a pore-level numerical model of the immiscible
injection of one fluid (CO,) into a porous medium saturated with
another fluid (brine). The model incorporates a distribution of throat
radii, fluid viscosities, and fluid densities to mechanistically represent
the flow. This model has previously been used to study the
relationship between saturation and important dimensionless
numbers, such as the Bond number (ratio of gravitational to capillary
forces) and the capillary number (ratio of viscous to capillary forces).
The model is now being used to calculate the displacement efficiency
for a variety of capillary and Bond numbers.

I. Introduction

Flow in porous media is a subject of scientific and engineering
interest for a number of reasons. Flow in porous media has long been
modeled as a compact (i.e., Euclidean) process whereby the interface
advances linearly with the total amount of the fluid as predicted by a
Darcy's law treatment using saturation-dependent relative
permeability.[1]-[5] In the last fifteen years, it has been appreciated
that flow in porous media is fractal in certain well-defined limits.[6]-
[9] The flow is known to be described by self-similar diffusion-
limited-aggregation (DLA) fractals in the limit of zero viscosity ratio,
M=p;/y,,=0.16]-[8],[10]-[12] The flow is known to be described

by self-similar invasion percolation (IP) fractals in the limit of zero
capillary number (see Eq. 6a), where viscous drag forces (viscosity of
the displaced fluid times average fluid velocity) are zero, while the
capillary forces (proportional to interfacial tension, times cosine of
the contact angle) are finite.

Recently, we have shown that our model produces results which
agree with both DLA (large viscosity ratio limit) and with IP with
trapping (IPwt) (small capillary number limit).[13] Having
demonstrated the validity of our model in these two very different
limits, with the physicality of the model and the excellent consistency
with fluid conservation, we are confident in extending our study to
the physically relevant intermediate regime, where the limiting
models (DLA and [Pwt) are not valid.

I1. Description of the Model
The pore-level model is intended to realistically incorporate both the

capillary pressure that tends to block the invasion of narrow throats
and the viscous pressure drop in a flowing fluid. The two-

dimensional model porous medium is a diamond lattice, which
consists of pore bodies of volume 03 at the lattice sites and throats
connecting the pore bodies, which are of length ¢ and have a
randomly chosen cylindrical cross-sectional area between 0 and £ %,
Compared to several models reported in the recent literature, we
believe that our model should be both more general and more
flexible, in part because both the throats and the pore bodies have
finite volume in comparison first with refs. [6] and [14], where the
throats contain zero volume of fluid, and secondly with refs. [15]-
[17], where the pore bodies have zero volume. Furthermore, in our
model, the volumes of both the pore bodies and throats can be set as
desired. In this sense the work of Periera is closer to our model but
focuses on three-phase flows at constant pressure.[18] Of course all
of these models include the essential features of random capillary
pressures blocking the narrowest throats and a random conductivity
depending on a given viscosity ratio.

Capillary pressure determines the pressure drop needed to move a
meniscus through a throat. The radius of curvature, R, of the
meniscus is fixed by contact angle, 2, and the radius of the pore
throat, 7, so that the pressure drop across the meniscus is fixed at the
capillary pressure,

20 cos O
P, p =T (1)
r
where F is the interfacial tension. Following refs. [15]-[17], we
modify Eq. (1) to remedy problems arising from blockages at throat
entries, giving

P = 20 cos O

cap

sin( x). @

r
where x { is the distance along the throat from 0 to U . This sine
dependence solves problems encountered in adjusting throat
blockages and in maintaining a constant velocity condition and can
be assumed to result from variations in contact angle.

The pressure difference due to buoyancy across a throat and its
connecting pores also is calculated for each throat. The invading
fluid is assumed to be a ball in the center of the spherical pore, while
the defending (wetting) fluid surrounds it and stays next to the pore
wall, so the pressure gradient along the pore is

% Y Y
P =08 2 siny +p,g S (3 siny ’ G)
4 4 4

where D,,, and D,, are the non-wetting and wetting fluid densities,
respectively, g is the acceleration due to gravity, R is the angle that
the throat makes with respect to the horizontal, and a is the volume
fraction of invading fluid in the pore. Thus (see Fig. 1) the flow
velocity is given by the throat conductance times the total pressure
drop across the throat:

q:gthroat(in_Pw_P

o TH6).  (4a)
where g4, 1 the conductance of a throat from Poiseuille’s law, and
P, and P, are the pressures of the non-wetting and wetting fluids in
their respective pores. In the model, the transmissibility
(conductance) of the throat is given by
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g =g * (Atimat /€4 )
throat E[X—F(I—X)M]’

is the throat cross-sectional area, x is the fraction of

(4b)

where Athroat

the throat of length 0 which is filled with defending fluid, and M is
the ratio of the non-wetting, invading fluid's viscosity to that of the
wetting, defending fluid, M=y, /u

Figure 1 shows the CO, displacing the brine with volume flow

velocity g,y = &iroat Cow ™ Pw - Pcap)' Of course, if P, -
P, <P, ap’ the CO, retreats and the brine re-occupies the throat.

The quantity, g*, carries all the dimensionality of gthroat, g* =
£3/(8B uw). From Eq. (4a), the non-wetting fluid advances if the
pressure difference between the pore filled with CO, (non-wetting
fluid) and the pore filled with brine exceeds the capillary pressure.
Otherwise the CO, will retreat.

The pressures in the pore bodies cane be determined from the volume
conservation of the incompressible fluid, dictates that the net volume
flow q out of any pore body must be zero. Let us consider use of the
above rules for the situation in Fig 2. In Fig. 2, the flow velocities, as
directed out of the (i,j) pore body through the throats are

i1 = 8i2,j-1 (sz - Pi—Z,j—Z )
qiin = 8&ijn (sz - Pi+2,j+2 - Pcap,i,j-H ) (5)
qio,; =8, (sz _Pl—Z,j -P

cap,i-1,j )

9iv1,; = 8iv1,j (sz _Pi+2,j _Pcap,i+1,j )

Once the location of the interface is known, the numerical value of
the capillary pressure in each throat is determined. Then the program
iterates (Eq. 5), determining the pressure field until pressure balance
is achieved. In one of the typical sets of five runs presented in this
paper, after an average of 77,000 time steps there was an average
difference of less than 1% between the total volume of fluid injected
into the medium and the total volume of fluid expelled from the
medium.

To maintain a constant volume flow q,, the flow velocity was
determined for two estimates of the inlet pressure. The linear
relationship between flow velocity and inlet pressure (Eq. 4) predicts
an inlet pressure, P,, producing the desired volume flow, q,.[17]
With a good choice of initial estimates, this procedure is very
accurate, with error less than of 0.007%.

Figure 2 shows a possible occupation of adjacent pore-bodies. For
this occupation, the flow velocities are given by Eq. (4) and the
pressure in the (i,j) pore body can be calculated from Eq. (5).

Once the pressure field has been determined, the flow rules determine
the interface advance through a time interval )t. A throat is on the
interface, if the pore body at one end contains some wetting fluid (it
may be filled with wetting fluid) and if the pore body at the other end
is fully invaded by non-wetting fluid (or was fully invaded and is not
yet fully re-invaded by wetting fluid due to backflow). As discussed
earlier, a time interval, )t, needs to be chosen which is small enough
that spurious local oscillations in the flow are avoided but not so
small that the program run-time is unnecessarily long. For the cases
discussed here, with large surface tension, the following prescription
seems adequate. For all interfacial throats where the non-wetting
fluid has yet to reach the midpoint of that throat, so that the capillary
pressure is still increasing, the time interval is chosen so that the non-
wetting fluid advances no more than 3.5% into any such throat. For
all throats where the non-wetting fluid has advanced past the
midpoint, so that the capillary pressure is decreasing, the time step
allows the interface to advance no further than 33% into any such
throat.

Flow increases the amount of CO, within the pore throat (Fig. 3a) or
through the pore throat into the pore body (Fig. 3b). Similarly,
backflow causes the interface to retreat within the pore throat or
through the pore throat into the pore body. If either type of fluid
over-fills a pore body, the outflow throats share the excess.

We have attempted to make the flow-rules as non-restrictive and
physical as possible: i) all parts of the porous medium have a volume
which can be occupied by either type of fluid; ii) locally, back-flow
and forward flow are allowed if ordained by the local pressure drops;
iii) complications, such as over-filled pore bodies, are treated as
physically as possible; iv) unphysical aspects, such as isolated 'blobs'
of wetting fluids residing in pore-bodies, are tracked and have been
found to be insignificant; and v) most importantly, the flow rules
accurately account for all of the non-wetting fluid injected into the
porous medium.
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Figure 3. The CO2 can advance in a throat (upper fig., 3a) or through
a throat into the pore body (lower fig., 3b).

II1. Simulations and Results

The model was run for 16 simulations of sizes 60x30 pore networks
for a range of capillary and Bond numbers:

_ VU,
Ca= ocosf’ (62)
_ ApgdL
B= 4 : (6b)

where v is the average velocity of the total fluid system, o is the
interfacial tension between the two fluids, )D=D,,-D,, L is number
of pores in the direction of flow, and d is the average throat diameter.
The capillary number, Ca, is a ratio of viscous to capillary forces, and
the Bond number, B, is the ratio of buoyancy to capillary forces.
These dimensionless numbers have been shown to be related to
residual saturation.[20],[21] All simulations use a viscosity ratio, M,
0f 0.05 to correspond to carbon dioxide infiltrating brine.
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Figure 4. Plot of breakthrough saturation vs. Bond number on a
60x30 network at M=0.05.
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Figure 5. Breakthrough saturation vs. capillary number on a 60x30
network at M=0.05.

The results from these simulations are presented in Figures 4 and 5.
These initial results show relationships between saturation and Bond
number and capillary number similar to what others have
found.[20],[21] They show that saturation decreases with decreasing
capillary number, though this dependence is not as strong as seen in
water flooding experiments, most likely because of the low viscosity
ratio between CO, and brine. Saturation also decreases with
increasing Bond number, and at a more rapid rate than with capillary
number.

IV. Discussion

The results presented here are preliminary, both in the size of the
networks and in the number of simulations. However, they do
support what is already known about the relationships between the
capillary and Bond numbers and the saturation of the invading fluid.
The results also suggest that there is a fundamental limitation on the
storage capacity of a homogeneous aquifer (perhaps different for
heterogeneous aquifers [22]) for CO,, and it is less than 50% of the
available void space.

Acknowledgement. This work was performed while Grant Bromhal
held a National Research Council Research Associateship.
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Introduction

Aqueous solutions of amines have long been used by industry as
absorbents for acid gas (CO,, H,S) removal, and in fact provide a
large percentage of the natural gas sweetening operations'. While
these chemical solutions have found a dominant position in the
natural gas and refinery gas treatment, they have several
shortcomings that can be greatly mitigated by immobilizing them into
a solid polymeric support, an approach that has been used by NASA
to provide regenerative CO, removal on long-term space shuttle
orbiter missions'.

Recent research in our group has produced a new solid amine
CO, sorbent that has displayed approximately a twofold increase in
cyclic CO, removal capacity over the material presently operated on
board the space shuttle. This boost in capacity has been achieved
through the application of a stable secondary amine onto a solid non-
ionic polymeric support. This new sorbent may have applicability in
the global search for methods to reduce greenhouse gas emissions.
When combining these solid amine sorbents with a sequestration
mechanism, long term, lower energy CO, sequestration systems may
be achieved.

The first and foremost shortcoming presented by aqueous liquid
amine systems comes from their corrosive effects on the metal piping
systems used to contain them. The combination of acid gases and
high pH sorbents can greatly accelerate the corrosive action on many
mild steel components (valves, piping and pipe fittings). Numerous
additives are frequently added to the aqueous liquid amine systems to
minimize foaming, prevent corrosion, and promote the acid gas/
amine reaction. Our solid amine system greatly diminishes the
corrosion concern and eliminates the need for many additives like
foam depressants.

When applied as a fixed sorbent bed the solid amine system has
the potential to simplify the present scrubbing system.
Incorporating a solid amine system has the potential for eliminating
several of the phase separation steps, as well as requiring a smaller
absorbing and desorbing column. The smaller columns come from
the higher amine/gas contact efficiency and increased amine density
possible with the solid support pellets versus the packed trays
typically used in the liquid systems. Finally, eliminating the aqueous
carrier liquid offers the potential of lower regeneration energy. The
liquid amine systems consistently keep amine concentrations below
30%, chiefly for corrosion concerns, however this reduced
concentration raises both the fluid circulation rate and the
regeneration energy costs.

Experimental

Amine Types.

Figure 1 shows the three amine types for the ethanolamine
molecules investigated, monoethanolamine (MEA, primary),

diethanolamine (DEA, secondary), and triethanolamine (TEA,
tertiary).

I AN
H

Monoethanolamine Diethanolamine Triethanolamine

Figure 1. Amine Types MEA, DEA, TEA.

These amine types were immobilized into the pores of HP2MG,
a poly(methylmethacrylate) support manufactured by Mitsubishi
Chemical. This non-ionic polymeric support provided a high surface
area (475 m*/gm), large pore volume (1.2 ml/gm) to retain the amine
and produced a pseudo-solid acid gas removal bead.

TEPAN a reaction product of TEPA (tetracthylenepentamine)
and acrylonitrile, Figure 2, was also investigated for its CO, removal
capacity while loaded onto the same PMMA support. Unlike the
MEA, DEA and TEA, this amine, TEPAN, is not an alkanolamine.

H H
| |
NNNNNV\NNNV\N/\AN
I I I
H H H

Figure 2. Schematic of TEPAN Molecule

Sorbent Manufacture.

Solvent evaporation with a rotary evaporator was used to
immobilize the amine within the pores of the support. In this process
we mixed the amine to be impregnated with an equal volume of
methanol. The alcohol allowed the amine mixture to diffuse into the
bead pore volume much more rapidly. The alcohol also allowed the
support to become easily wetted by the amine/alcohol solution, as
well as reduced the viscosity of the mixture. We heated the solution
and porous beads to 100 °C while under a slight vacuum (~4-8 psia).
This step allowed us to evaporate the alcohol from the support while
leaving the amine within the pores. After the bulk of the alcohol had
been removed as vapor we removed the beads from the flask and
tested their capacity for CO, removal.

Capacity Measurements

We used a 110 cc aluminum reactor to retain the solid amine
beads while testing their capacity for CO, removal. This reactor used
a fine mesh screen at the inlet and outlet face to hold the beads within
the reactor volume. An open cell aluminum foam (10% density) was
also brazed into the reactor cavity. This foam coupled with the
aluminum of the reactor housing provided an essentially isothermal
test for both the absorb and desorb cycles. The testing used a fixed
inlet concentration of 1 kPa of CO, with the balance being N, and
water vapor at a total pressure of 1 atmosphere. An IR CO, analyzer
monitored the outlet CO, concentration during the fixed absorption
time period (25 minutes). After the absorb period an equal time (25
minutes) of vacuum desorption allowed the sorbent beads to partially
regenerate. The data reported represents the steady state working
capacity of the various sorbents. The amines can remove CO, more
effectively with moisture, so the inlet gas stream was maintained at a
7 °C Dew point for all the tests.
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Results and Discussion

Figure 3 shows the comparison between the three amine types.
A nearly 50% increase in the amine cyclic utilization was achieved
for the secondary amine (DEA) compared with the primary amine
(MEA). The slight variation in amine loading was (0.22M vs.
0.26M) removed by normalizing the capacity data based on the total
amount of amine present. The low capacity shown by the tertiary
amine is not surprising at these low CO, concentrations. The weak
bond formed between the tertiary amine and the CO, molecule does
not provide a ready means for removing the acid CO, molecule from
our gas stream.

Comparison of alkanolamine
Amine Utilization

0.14
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0.22 M Secondary
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Figure 4. Normalized CO, Removal Capacity for variable loading of
TEPAN amine within HP2MG support.
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Figure 3. Normalized CO, Removal capacity for Primary (MEA),
Secondary (DEA) and Tertiary (TEA) amine.

Figure 4 below shows the effect of amine loading within
the support on its utilization in removing the CO, gas. The 4X (0.114
M — 0.515 M) range in amine loading within the support did not
appreciably change the utilization of the amine on the support. This
indicates that any surface interaction between the support and the
amine did not diminish the activity of the amine for CO, removal. If
interaction between the amine and the support had occurred, we
would expect a difference in the amine utilization curves especially at
the lower loadings. The shallower slope and lower utilization limit
shown by the higher amine loadings in Figure 4 simply are an artifact
of the fixed cycle time used. If the cycle had been extended for the
higher loading case a similar utilization limit, as shown by the lower
loadings, would have been reached.

Table 1 Dbelow shows a comparison of the
physical/chemical properties of the 4 amines reported in this preprint.
All four of the amines show a similar range of pH values. The large
range in viscosity values do not provide any indication in the CO,
removal capacity. TEPAN had the highest viscosity and the largest
CO, removal capacity, TEA had the 2" highest viscosity and showed
no capacity for CO, removal.

Table 1. Physical/Chemical Property Data of amine types

Conclusions

The results of the alkanolamine CO, removal testing clearly
show the higher working capacity displayed by secondary amines.
The primary amines also show some effective affinity, but are clearly
eclipsed by the secondary amines. The tertiary amines display a very
weak capacity for CO, at the low levels (1 kPa) tested here.

All of the TEPAN amine results shown in Figure 4 display
a similar asymptotic limit in CO, capacity, normalized for the amount
of amine present on support. These curves show that the amine and
support do not interact, at least in a manner that renders the
functional site on the amine molecule unavailable for CO, removal.
The lower amine loadings did not display any reduction in amine
utilization as would be expected if surface/amine interaction affected
the amine functional group.
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Introduction

Fossil fuels will remain the mainstay of energy production well
into the 21st century. The availability of these fuels to provide clean,
affordable energy is essential for prosperity and security in the world.
However, an increase in the concentration of CO, in the atmosphere
due to carbon emissions is expected to occur unless energy systems
incorporate  carbon emission reduction concepts. Carbon
sequestration, along with reduced carbon content of fuels and
improved efficiency of energy production and use are considered to
be viable ways to stabilize and ultimately reduce the concentration of
this greenhouse gas.' For carbon sequestration, the costs of separation
and capture are generally estimated to make up about three quarters
of the total costs of ocean or geologic sequestration.’ Novel
technologies to decrease the cost of CO, separation have great social
and commercial value.

Adsorption is one of the promising methods that could be
applicable for separating CO, from gas mixtures. Generally,
molecular sieves and activated carbons yield relatively high
adsorption capacity.* However, these adsorption capacities rapidly
decline with incremental increase in temperature and separation
factors are low. For practical use, many of the separations require
operation at relatively high temperature, e.g., ~150 °C for flue gas.
Developing an adsorbent with high CO, selectivity and high CO,
adsorption capacity, which can also be operated at relatively high
temperature, is critical for the success of this method.

Recently, we developed a new kind of high-capacity, highly
selective CO, adsorbent, which is a CO, “molecular basket”.’ By
loading the sterically branched polymer polyethylenimine (PEI),
which has branched chains with numerous CO,-capturing sites such
as amino groups, into the large pore volume of MCM-41, its
adsorption capacity was significantly increased. In this paper, the
preparation approaches to further improve the CO, adsorption
performance of the novel “molecular basket” are reported. The
synergetic effect of the MCM-41 on the adsorption of CO, by the PEI
is discussed.

Experimental

Mesoporous molecular sieve of MCM-41 with different Si/Al
ratios was synthesized as reported in a previous publication.’ The PEI
modified MCM-41 (MCM-41-PEI) was prepared by the wet
impregnation method. In a typical preparation, the desired amount of
PEI was dissolved in 20 g methanol under stirring for about 15 min,
after which 5 g of calcined MCM-41 was added to the mixture
solution. The resultant slurry was continuously stirred for about 30
min and dried at 70 °C for 16 h under vacuum. The preparation
conditions, such as PEI loadings, preparation methods, Si/Al ratio of
the MCM-41, and third component of PEG were investigated.

The mesoporous molecular sieves of MCM-41 before and after
modification were characterized by X-ray diffraction (XRD, Rigaku

Geigerflex), N, adsorption/desorption (Quantachrome Autosorb 1)
and thermalgravimetric analysis (TGA, PE-TGA 7).

The adsorption and desorption performances of the adsorbents
were measured in a flow system under pure CO, atomosphere at 75
°C. A PE-TGA 7 thermalgravimeter was used to track the weight
change of the adsorbent in the experiments. Adsorption capacity in
mg of adsorbate/g of adsorbent and desorption capacity in percentage
were used to evaluate the adsorbent and were calculated from the
weight change of the sample in the adsorption/desorption process.
The desorption capacity in percentage was defined as the ratio of the
amount of the gas desorbed to the amount of gas adsorbed.

Results and Discussions
1 Preparation and characterization of MCM-41-PEI

The MCM-41-PEI with different PEI loadings was prepared and
characterized by XRD, N, adsorption/desorption and TGA. After
loading the PEIL, the structure of the MCM-41 was preserved.
However, the intensity of the diffraction patterns of the MCM-41
decreased. Meanwhile, the Bragg diffraction angle of the 100 plane
of MCM-41 slightly shifted to a higher degree, which indicated that
the PEI was loaded into the channels of the MCM-41.° N,
adsorption/desorption showed that the pore size, surface area and
pore volume decreased after loading the PEI, which confirmed that
the PEI was loaded into the channels of the MCM-41. When the PEI
loading was 50 wt%, the mesopores were completely filled with PEI.

TGA results showed that there was no weight loss for MCM-41
until 600 °C. The PEI lost 3.8% of its original mass at 100 °C, and
began to decompose above 150 °C. A sharp weight loss happened at
205 °C. At 600 °C, the PEI was completely decomposed and removed
as volatiles. After the PEI was loaded into the channels of the MCM-
41, a sharp weight loss takes place at a lower temperature, e.g., 125
°C for MCM-41-PEI with PEI loading of 50 wt%, which indicated
that the decomposition temperature of PEI had decreased. The weight
loss also took place in a narrower temperature range than that of the
pure PEIL. These phenomena can be ascribed to the uniform
dispersion of the PEI throughout the nanopores, since the melt or
decomposition temperature will decrease when the particle size of the
substance decreases.’

2 Adsorption performance of MCM-41-PEI
2.1 The influence of preparation method

Two methods, i.e., wet impregnation and mechanical mixing,
were employed for the preparation of the MCM-41-PEI adsorbent.
The PEI loading was 50 wt%. The adsorption capacity was 99 mg/g
adsorbent for the adsorbent prepared by the mechanical mixing
method and 112 mg/g for the adsorbent prepared by the wet
impregnation method. The high adsorption capacity of the wet
impregnation method can be ascribed to the uniform dispersion of the
PEI into the channels of the MCM-41. For the mechanical mixing
method, only part of the PEI was loaded into the channels of the
MCM-41. The remaining PEI may coat the outer surfaces of the
particles as a thick layer, which may block CO, adsorption sites and
impede CO, from accessing the channels of the molecular sieve.

2.2 The influence of PEI loading

The influence of PEI loading on the CO, adsorption
performance of MCM-41-PEI was investigated and the results are
shown in Figure 1. Before the PEI was loaded, the bare MCM-41
showed a CO, adsorption capacity of 8.6 mg/g adsorbent. After
loading the PEI, the adsorption capacity increased. The adsorption
capacities were 112 mg/g adsorbent and 133 mg/g adsorbent for PEI
loadings of 50 wt% and 75 wt%, respectively, both of which are
higher than that of the pure PEI of 109 mg/g adsorbent. The MCM-41
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showed synergism for the adsorption of CO, by PEI. The desorption
was complete for all the MCM-41-PEI adsorbents as well as the
MCM-41 support. However, desorption for the pure PEI was slow
and was not complete for the same desoption time. The fast
desorption of CO, from MCM-41-PEI can be explained by the high
dispersion of PEI into the MCM-41 channels, which was indicated by
the N, adsorption/desorption and the TGA data.
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Figure 1 The influence of PEI loading on the adsorption and
desorption performance of MCM-41-PEI

2.3 The influence of the Si/Al ratio of the MCM-41

A change in the Si/Al ratio of the MCM-41 will not only change
the physical properties of the support (e.g., pore size, pore volume
and surface area), but also change the interaction between the support
and PEIL. Figure 2 shows the adsorption capacity of MCM-41 and
MCM-41-PEI with different Si/Al ratios. The adsorption capacity
was nearly identical for the MCM-41 support with different Si/Al
ratios. However, the Si/Al ratio of the MCM-41 influenced the
adsorption capacity of MCM-41-PEI. The higher the Si/Al ratio, the
higher the adsorption capacity. The adsorption capacity of MCM-41-
PEI with a Si/Al ratio of 100 was 12 % higher than that of MCM-41-
PEI with pure silica.

140

Si/A1=500 All Silica

Adsorption capacity (mg/g adsorbent)

Si/Al=100

Figure 2 The influence of Si/Al ratio on the adsorption performance
of the MCM-41-PEI (PEI loading: 50wt%)

2.4 The influence of third component of PEG

The influence of the third component of PEG on the
adsorption/desorption performance of the MCM-41-PEI was
investigated. Figure 3 compares the adsorption and desorption
performance of the adsorbent with and without the addition of PEG.

The adsorption and desorption rates of the MCM-41-PEI-PEG were
faster than those of the MCM-41-PEIL In addition, the adsorption
capacity of the MCM-41-PEI-PEG was higher than that of MCM-41-
PEL
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Figure 3 The effect of PEG on the CO, adsorption/desorption
performance of MCM-41-PEI. (PEI loading: 30 wt%, PEG loading:
20 wt%)

Conclusion

A novel CO, “molecular basket” based on PEI modified
mesoporous molecular sieve of MCM-41 (MCM-41-PEI) has been
successfully developed. The MCM-41 had a synergetic effect on the
adsorption of CO, by PEI. By loading substances with affinities for
different gases to the mesoporous molecular sieve, this concept can
be used to develop different types of highly selective, high adsorption
capacity “molecular baskets”.
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Introduction

Direct injection of CO, into the ocean has been proposed as a means
for carbon sequestration because the ocean has alarge storage
capacity for carbon (Herzog, 1998; Audus, 1997, Brewer et al.,
1999). A fraction of the CO, injected into the ocean will eventually
repartition back into the atmosphere. However, depending on the
depth of injection as well as the subsequent interaction of CO, with
seawater, CO, residence time in the ocean can be on the order of
several hundred years leading to significantly reduced peak levels of
atmospheric CO2 (Herzog et al., 1997).

One of the proposed methods for direct ocean injection isto release
liquid CO, at intermediate ocean depths between 800 and 1500 m,
forming arising plume of CO, droplets. To prolong the residence
time of the injected CO,, the injection depth for the droplet plume
must be sufficiently great to allow for complete dissolution of the
CO; into the surrounding seawater before the droplets reach depths
of ~0.5km where pressures are low enough for the CO, to gasify and
more rapidly partition back into the atmosphere. Another approach
isto perform injections at depths greater than 3000 m where CO; is
denser than seawater. CO, released at these depths will sink through
the water column resulting in increased residence time and
improvement in the overall efficiency of ocean carbon sequestration
by direct CO, injections. However, thisimproved efficiency comes
with implementation costs and energy requirements that increase
significantly with injection depth.

The objective of the research described hereisto develop a new
technique for direct ocean CO, injection in which CO, can be
disposed at ocean depths of 1000 to 1300 m in the form of awater/
CO,/hydrate composite stream. Produced by intense in-line mixing of
CO, and water, this composite stream can be negatively buoyant,
prolonging the residence of injected CO, in the ocean and improving
the overall efficiency of ocean carbon sequestration by direct CO,
injection.

Experimental Methods

Experiments were conducted to test the concept of promoting CO,
hydrate formation by mixing water with CO, in a discharge pipeline.
A co-flow injector was designed and set up in the ORNL Seafloor
Process Simulator (SPS), a 70-L, temperature controlled, high-
pressure vessel designed for simulating conditions at intermediate
ocean depths (Fig. 1; Phelps et a., 2001). The injector (Fig. 2)
consists of an internal capillary tube located at the center of an outer
tube, where the inner and outer tubes are for water and CO,,
respectively. The mixing zone, as shown in Fig. 2 is the space
between the ends of the inner and outer tubes. In a typica
experiment, the SPS was filled with water, pressurized up to a

predetermined level (10 to 13 MPa, corresponding to ~1 to 1.3 km
depth) then cooled in a temperature-controlled room cwn to the
experimental temperature. (4-7°C). Liquid CO, and water were then
delivered through the injector using syringe pumps at predetermined
flow rates ranging from 15-25 mL/min and 4-20 mL/min, respectively.
Vessel pressure increased dightly (less than 0.5 MPa) during the
injection experiments, or was kept constant using a backpressure
regulator. The stream issuing from the injector was then observed and
recorded by a video camera through one of the 5-cm diameter
sapphire windows on the SPS.

' 70-L Hastello
Temperature C-22 high y
control (-2°C

oo pressure vessel
to7°C)inan Max Pressure:
explosion- 20.6 MPaor
prOOf room ~2000 m HZO

Vessel has 41
Gag/liquid access ports for
delivery and instrumentation
recovery systems and observation

Figure1l. The ORNL Seafloor Process Simulator (SPS).

Water or
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lﬂ E (6(0)}

Capillary
[~~CO, (Continuous phase)

m_ | Water (Dispersed Phase)
Water droolet

Hydrate layer on surface of
water dropl et

Water/CO,/hydrate Composite

Figure 2. Schematic of the co-flow injector for producing a
water/CO2/hydrate composite stream.
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Results and Discussion

Using the co-flow injector at varying flow-rate ratios of water and
CO,, we obtained a paste-like stream (Fig. 3) under conditions typical
of intermediate ocean depths (1-1.3 km). The produced stream
maintained its cylindrical shape and remained fairly intact when
released from the injector, occasionally breaking up into cylindrical
sections.  For a given ambient pressure, the stream was negatively
buoyant at certain flow rate ratios between water and CO,. To
eliminate the effects of jet flow that may be pushing the stream down
in averticaly oriented injector, experiments were also conducted with
the injector mounted horizontally in the SPS. Negative buoyancy in
this case was indicated by a stream that bent downward as it was
released from the injector (Fig. 4). Experiments using both distilled
and seawater showed that a negatively buoyant stream can be
produced at pressures as low as 10.3 MPa, corresponding to an ocean
depth of ~1 km.

Injector

Sinking
composite
stream of CO, ,
water, and CO,
hydrate

Figure 3. Negatively buoyant stream produced by CO, injector
oriented vertically in the SPS.

The stream produced by our injector probably consists of a
composite of liquid CO,, water, and CO, hydrate where the solid
hydrate serves as a cementing phase for the other stream components.
Presence of water in the stream was inferred from the flow rate ratios
between water and CO, used to produce the stream, which exceeded
what was required for complete conversion of CO, to CO, hydrate.
It was also observed that some streams that were initially positively
buoyant would sink some time after being released from the injector,
or when vessel pressure was increased. These observations indicate
the presence of liquid CO, trapped in the produced stream, where it
either continues to convert to CO, hydrate with time or becomes
denser with increasing pressure.

Paste-like composite stream of CO,~hydrate-water
phases injected at a pressure equivalent to 1.3 km
of water. The stream is negatively buoyant.

Figure 4. Negatively buoyant stream produced by CO, injector
oriented horizontally in the SPS.

Conclusions

A negatively buoyant composite stream containing CO, hydrate,
liquid CO,, and water at conditions simulating intermediate ocean
depths (~1-1.3 km) was produced using a novel concept of premixing
seawater into a CO, stream before injection. Such a development is
significant because it generates a sinking stream at depths <1.5 km,
which will prolong the residence of CO, injected into the ocean and
improve the overal efficiency of direct CO, injections for ocean
carbon sequestration.  Because implementation costs increase
significantly with injection depth, this approach alows CO,
injections to be performed not only with alower risk of |eakage to the
atmosphere, but also without significant increase in operating cost
when compared with other proposed injection methods.
Additionally, because of its low surface-to-volume ratio, the
produced composite stream is expected to have a slower dissolution
rate than that of a similar volume of liquid CO, in the form of a
droplet plume. The deeper the CO, hydrate stream sinks after
injection, the more stable it becomes internaly, the deeper it is
dissolved, and the more dispersed is the resulting CO, plume. This
dower rate will reduce the potentia for low-pH conditions
surrounding the injector, thereby minimizing the negative impact of
direct CO2 injections on the ocean environment.
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Introduction

The idea to store CO,, recovered from power plants, in the deep
ocean' has been a promising measure to mitigate the global warming
especially after the Third Conference of the Parties (COP 3) held in
Kyoto, December 1997, because the achievement of Kyoto Protocol
was thought difficult only by conventional measures such as the
energy saving and the forestation. This CO, ocean sequestration can
be divided into two categories, that is, the dissolution (or dilution)
method and the storage method.

In the former method, CO, droplets are released in mid depth of
1000 to 2000 meters where CO, is lighter than seawater, and they
completely dissolve before reaching phase change boundary of about
400 meters depth. The sequestration term is expected to be the order
of hundred years, which depends on the release point and the depth.

On the other hand, in the latter method, CO, is stored in a
depression on the ocean floor deeper than 3500 meters where liquid
CO, is heavier than CO, saturated seawater. Its sequestration term is
expected to be longer than a few thousand years equivalent to the
vertical circulation term of the ocean.® It is a shortcoming of this
method, however, to send CO, deeper than the former method.

The Maritime Research Institute (NMRI, the former name of the
Ship Research Institute) had investigated the various aspects of the
latter method in the last decade.*® And in 1998, the authors
proposed a system to overcome the above mentioned shortcoming of
the storage method.'®'” This system called as COSMOS, CO,
Sending Method for Ocean Storage, is characterized as cold release
of large CO, droplets with about 1 meter diameter into rather shallow
waters such as 500 meters depth, where CO, colder than -30 Celsius
is heavier than the ambient seawater and sinks to the ocean floor
although being warmed up by the heat transfer from seawater.

In order to get the basic data prior to the development of the
real COSMOS, an international joint research with University of
Bergen supported by the NEDO (New Energy and Industrial
Technology Development Organization) was started in 1999."% And
parallel with this research, two in situ experiments with the Monterey
Bay Aquarium Research Institute (MBARI) were also conducted in
1999 and 2000 to confirm the performance of manufactured trial cold
CO, release nozzle." Through the process of the joint research with
University of Bergen, it was found that Taylor type instability?® on
the interface were too strong for a large cold CO, droplet to keep its
shape, although ice and hydrate layers covering cold CO, droplet had
been expected to support its shape.’' From the latest in situ
experiment with the MBARI, CO, slurry, that is, mixture of solid
CO, (dry ice) and cold CO, of -55 Celsius, showed its capability to
prevent from breaking up during sinking process.

Then the authors proposed a new COSMOS? modified from the
original one, in which CO, is released as slurry balls into much
shallower depth such as 200 meters. The New COSMOS, which is
much easier to be realized because the limit droplet size is about 40
% of the original COSMOS, has another advantage that it can be
applied to the dissolution type as well as the storage type. Moreover,

the cost is also expected to be drastically reduced due to shallower
release depth that requires a shorter pipeline equivalent to the length
of CO, carrier, which means no troublesome connecting works on the
ocean.

Concept of COSMOS

CO, carriers are required when we apply the storage method
because the potential sites deeper than 3500 meters are too far for a
pipeline to be laid down from the land. And liquid CO, transported
by a carrier should be cooled down to -55 Celsius to reduce the tank
pressure as much as possible (The triple point of CO, is -56.6
Celsius). Such cold CO, is heavier than the seawater even in rather
shallow sea. If a CO, droplet released into 500 meters depth is lager
than a certain diameter, which depend on the temperature of CO,, it
sinks to the storage site beyond 2700 meters depth where the density
of CO, in thermally equilibrium (the same temperature) is the same
as that of the seawater. Paying attention to this nature of cold CO,,
the NMRI proposed an innovative CO, sending method, COSMOS,
and got a Japanese patent in March 1999. Figure 1 shows the
conceptual drawing of COSMOS, which was expected to solve the
above-mentioned shortcoming of the storage method.

The temperature of liquid CO, released into the shallow sea is
-45 to -30 Celsius that depends on the thermal insulation of riser tube
from the CO, carrier. When such cold CO, is released into the
seawater, a CO, droplet will soon be covered with ice layer and CO,
hydrate membrane. These were expected to prevent the break up of a
large droplet into small droplets but they will make difficult to
release smoothly and steadily large CO, droplets from the nozzle.
Therefore, the technical breakthrough to realize the COSMOS was
thought as the development of CO, release nozzle.

Then in 1999, the NMRI started an international joint research
with the University of Bergen to get the basic data to develop the
release nozzle for cold CO,, under the auspice of the New Energy
and Industrial Technology Development Organization (NEDO).'®

COtanker Pipe handling

Figure 1. Concept of COSMOS proposed in 1998.
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Figure 2. Original trial CO, release nozzle.

Figure 3. Temperature and pressure monitors mounted on the second
trial nozzle.

In 1999 and 2000, the NMRI and the MBARI also conducted two
joint in situ experiments to confirm the function of trial CO, release
system.

Land Experiments

To ensure the success of in situ experiments with the MBARI,
some land-based experiments with a mock liquid and cold CO, were
conducted for original and second trial nozzles.

Trial CO, release nozzles. Figure 2 shows the original trial
CO2 release nozzle used for the performance test at the in situ
experiment in 1999. And Figure 3 shows the second trial nozzle
used to release CO2 slurry ball at the in sifu experiment in the fall of

- Trial CO, release system

™. Mock Liquid

S (CH,CF,CHCL+
= CCIF,CF,CHCIF)
Water (3~4°C)
Glass tank
windows
(600 X 1400)
g
%

800

Figure 4. Layout of atmospheric simulation experiment.

Figure 5. Cold mock liquid just flowed out fromthe chamber.

2000. The original nozzle was designed to release CO, in 500 meters
depth through simple two actions that the ROV pilot can easily
manipulate through the robot arm. The volume and the diameter of
chamber to hold CO, or mock liquid were 2.16 liters and 10 cm,
respectively. The total weight including frames was about 60 kg,
which was smaller than the weight limit of the ROV, 113 kg (= 250
Ibs).

The second nozzle, of which specifications were almost the
same as the original one, was not only improved in its thermal
insulation to keep CO, cool enough until its release but also the
temperature and pressure monitoring devices were installed.

Mock liquid experiment. Because the saturation pressure of
CO, at room temperature (=20 Celsius) is 5.8 MPa, an appropriate
mock liquid was required to check the performance of the
manufactured CO, release nozzle at atmospheric pressure. Then
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Figure 6. Large test tank for trial CO, release nozzles.

considering the properties of density, specific heat, boiling and
solidification points, surface tension and noxiousness, Asahi-Kurin
AK-225 (mixture of CH3;CF,CHCl, and CCIF,CF,CHCIF) was
selected as the mock liquid for simulation experiment (specific
density: 1.55, specific heat: 1.00 J/(gr-K), boiling point: 54 Celsius,
solidification point: -131 Celsius, surface tension: 16.2 mN/m, weak
noxious). Figure 4 shows the layout of atmospheric simulation
experiment. And Figure 5 shows the scene that the cold mock liquid
just flowed down from the opening of the chamber. As shown in this
figure, the mock liquid was pushed out as one mass following the
sinking lid of the chamber but not covered with ice layer although it
was initially cooled down to about -60 Celsius. And the liquid mass
broke up into small droplets in a several seconds. Its small specific
heat (about a half of CO,, about a quarter of water) was thought to be
not enough to form thick ice layer so fast that the shape of large
droplet was kept one mass.

Tank experiment with CO,. A large tank made of stainless
steel, of which main specifications are 5 MPa, 1.0 meter diameter and
3.0 meters height, was manufactured to confirm the perform-ance of
CO, release nozzles, prior to shipping it to the MBARI. Figure 6
shows the large tank fixed at the pit. The tank and the foothold for
the experiment were enclosed with thermal-insulated room of which
temperature was controlled from 5 to 20 Celsius by an air-
conditioning system.

Figure 7 shows the scene that the cold CO, melted from dry ice
was pushed down from the original release nozzle. It was seen that
some liquid CO, was drown by the falling lid and other CO, followed
it. Comparing Figs 5 and 7, the ratio of drown liquid in case of CO,
seems larger than the case of mock liquid. Figure 8 shows a lot of
ascending small CO, droplets that might have been broken up from
heated CO, mass once fell down to the bottom of tank. Figure 8 also
shows an ice horn (hollowed icicle) appearing after almost CO, was
discharged, which implies that cold CO, has enough cold heat
capacity to make hard ice layer around CO, mass.

The results of simulation tests with the mock liquid and CO,
suggested that the heat transfer rate to form ice layer on the cold CO,
might not be fast enough to form strong ice layer to keep the shape of
a large CO, mass against Taylor type interface instability, although
the heat capacity of cold CO, is enough to form thick ice.

Figure 8. Ascending small CO, droplets broken up from heated CO,
mass and hollowed icicle.

In Situ Experiments

Experiment with original release nozzle. On October 12,
1999, using the original release nozzle shown by Fig. 2, an in situ
CO, release test was conducted in Monterey Bay as the 2nd joint
experiment with the MBARI.>® Figure 9 shows the original CO,
release nozzle mounted on the ROV, Ventana. It took about one hour
to charge CO, into the chamber and to bring it down to the release
point by the ROV. The thermal insulation of the release nozzle,
which was tested before shipping the nozzle to the MBARI, was not
enough for cold CO, release. So the temperature of CO, in the
chamber increased to the same level of the ambient seawater when
reached the release depth of 450 meters.

Figure 10 shows that CO, was released as one mass from the
nozzle, but as shown in Figure 11, CO, mass was broken up in a few
seconds to a lot of small CO, droplets which might be covered with
hydrate membrane and ascended around CO, release nozzle.

The basic performances required to a cold CO, release nozzle,
that is, two simple actions for the initiation of CO, release, were well
demonstrated at the in situ experiment with the original release
nozzle, but the capability to release cold CO, mass, which was
expected to be covered with thick ice layer, was not achieved.

Experiment with improved release nozzle. The second CO,
release nozzle was manufactured, considering the defects found in
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Figure 11. Ascending CO, droplets covered with hydrate.

the above-mentioned in situ experiment. That is, the thermal
insulation was improved by covering it thick with air-containing cast
plastic and monitoring devices for the temperature and pressure in the
chamber were attached.

On October 5 and 6, 2000, two cold CO, release trials were
conducted at the same water as before. Figure 12 shows the
improved release nozzle mounted on the ROV. After checking
carefully the valves and devices of the nozzle with 2 kg of dry ice,

Figure 13. A CO, slurry mass (8 cm) sinking at 0.3 m/s.

the ROV sank to 500 meters depth in about 15 minutes, which was
almost two times faster than the usual sinking rate. This time, the
thermal insulation was improved so much that almost CO, was kept
as dry ice when arriving at the release point of 500 meters depth.

At the first trial on October 5, being thought worth to observe
the behavior of released dry ice mass, cold CO, almost consisting of
dry ice was released by the simple two actions of robot arm explained
above. The dry ice ball with about 10 cm diameter sank so fast that
the ROV could not catch up with it. Only the release and very first
sinking scene was recorded.

At the second trial on the next day, after two-hours wait at the
releasing depth for warming up of CO,, 2 kg of cold CO, including
some dry ice was released as the same manner as before. And melted
and warmed CO,, which occupied in the upper space of the chamber,
followed the cold CO, and broke up into small droplets ascending in
the ocean. The content of dry ice in the cold CO, mass was estimated
about 50 % from the sinking rate that the ROV could catch up with.
Figure 13 shows the scene that a CO, slurry mass with 8§ cm diameter
sank in around 530 meters depth at the rate of 0.3 meters per second.
As shown in Fig. 13, CO, slurry was coated with thick ice layer.
From the video image during sinking process of this slurry mass for
about four minutes while the ROV could follow, it was confirmed
that this ice layer had enough strength to prevent from breaking up to
small slurries. Thin hydrate layer should also form between CO,
slurry and ice layer, but it was not observed due to its thinness and
transparency. It was observed that some part of melt CO, due to
heating up by ambient seawater leaked upward
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Figure 14. Depth and velocity of a sinking slurry ball.

(a) Just before breaking

(a) Just after breaking
Figurel5. Deformed and breaking CO, mass covered with hydrate
film.

from the slurry. This volume increase came from the fact that the
density of dry ice is about 1.4 times larger than cold liquid CO,.

Figure 14 shows how the depth and velocity of the slurry mass
observed in the second trial change with lapse of time. It was shown
that the slurry once reached 548 meters depth at 150 seconds but it
began to ascend, which means the slurry mass was heated up during
150 seconds descent and lost its negative buoyancy. During ascent,
the ice layer continued to shrink and at 240 seconds it broke up to
small CO, droplets covered with hydrate membrane. Just before
breaking up, curious movement of CO, mass due to changes of
surface tension was seen. Figure 15 shows its deformed shape
during such unique movement. The size of broken up droplets is 2 to
3 cm, which can dissolves in the ascent less than 1000 meters.

Proposal of New COSMOS

Results of land-based and in situ experiments. Through
several land-based experiments and two in sifu experiments the
following results were obtained:
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Figurel6. Behavior of a CO, slurry ball released into 100 meters
depth

(1) The basic skill to release small amount of cold CO, (2kg) to 500
meters depth was established.

(2) Simulation of cold CO, release using a mock liquid was difficult
because no liquid having the same properties as those of CO,.

(3) The heat capacity of cold CO, is enough to form thick ice layer to
protect a cold CO, droplet.

(4) But the surface instability ofa cold CO, (Taylor type instability)
was so large that thick ice layer was difficult to form before
released CO, mass broke up.

(5) Only CO; slurry (mixture of dry ice and cold CO,) can sink in
the ocean without breaking up.

(6) It might be possible to realize the original COSMOS proposed in
1998, but it should be much easier to release CO, as slurry balls.

Motion of CO; slurry ball in the ocean. Considering above results,
the authors would like to propose another CO, Sending Method for
Ocean Storage, new COSMOS, in which CO, will be released as
slurry balls instead of cold CO, droplets. In case of slurry release,
the required depth is 100 to 200 meters, much shallower than 500
meters the original COSMOS requires, because cold heat capacity of
a slurry ball is larger than a cold CO, droplet and melt CO, is
expected not to be heated up before reaching the phase change
boundary, about 400 meters depth.

Figure 16 is an example of numerical simulation to show how a
CO; slurry ball released into 100 meters depth behaves.”> The dry ice
ratio, o, was chosen as 0.5 in this simulation. In case of 0.38 meter,
the slurry ball reaches 1950 meters then ascends, but in case of 0.4
meter, it sinks to the ocean floor through 2700 meters of density
equilibrium depth. In both cases, the temperature of slurry ball is kept
-55 Celsius, melting point of CO,, until it reaches 800 to 900 meters
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depth, far deeper than the phase change boundary, which means the
cold heat capacity of a slurry ball is enough. At this depth, a slurry
ball becomes a cold CO, droplet covered with thick ice layer. Then a
CO, droplet is gradually heated up as shown in Fig. 16. When the
temperature becomes -1.9 Celsius, the ice layer completely melts and
the dissolution of CO, starts (the normalized weight starts to
decrease) . Heating up rate increases when ice layer disappears. The
maximum thickness of ice layer reaches 12.5 and 13 cm for D = 0.38
meter and 0.40 meter, respectively.

Figure 17 shows the simulation result as the relation of the
depth and temperature of a slurry ball (o =0.5, release depth =100
meters) . From this figure, the limit size that can sink to the ocean
floor is between 0.38 meter and 0.40 meter as mentioned above. This
size is less than 40 % of original COSMOS (cold liquid CO,
release) . The similar results like Figs. 16 and 17 were obtained by B.
Kvamme, a member of the international joint research team.>*

Advantages of New COSMOS. Figure 18 shows the concept
of new COSMOS to be applied for a Japanese patent. The only
additional component required by new COSMOS is a refrigerator to
change cold CO, of -55 Celsius to CO, slurry. When the main
engine of 200 thousand tons CO, carrier is used for the compressor of
the refrigerator, it will take two days to make all CO, slurry. This
treating rate is almost equivalent to the amount of CO, released from
five power plants of 1000 MW. Since the volume of dry ice is 1.4
times smaller than cold CO,, the choking of pipe while making slurry
might be avoided.

The new COSMOS has the following advantages:

(1) Easy to realize. The basic techniques to release a CO, slurry
mass into the ocean have accumulated through in sifu experiments
with the MBARI. And it was confirmed that a CO, slurry ball does
not break up until the ice layer covering it almost completely melts.
Therefore it can be said that the most important phenomenological
aspects of new COSMOS has been elucidated.

On the other hand, it may not be so easy to keep a large CO,
droplet as one mass, the most important requirement of original
COSMOS, because the Taylor type interface instability is so strong
for ice layer to cover the droplet before breaking, although the heat
capacity of cold CO, droplet is large enough.

(2) Low initial cost. As shown in Fig. 17, the CO, slurry size to be
sent to the ocean floor is around 0.4 meter, although it depends on
dry ice ratio, a. This size is 0.4 times smaller than the original
COSMOS. And the required pipe length is also 0.4 times (200/500 =
0.4). Such smaller sizes will result in drastic cost reduction.

(3) Low running cost. The theoretically required pipe length is less
than 100 meter, but 200 meters pipe is recommended in the new
COSMOS for the safety. This 200 meters pipe can be put on the
deck of 200 thousand tons of CO, carrier. Therefore, troublesome
works to connect a lot of pipes on the deck, which original COSMOS
and other CO, ocean sequestration methods require, can be avoided.
(4) Applicable to the dissolution method. Considering the facts
that a CO, droplet breaks up to small ones just before complete
melting of the ice layer which covers the droplet and broken up
droplets are so small that they can dissolve before reaching the phase
boundary depth of about 400 meters, the new COSMOS can be
applied to the dissolution method as well as the storage method. That
is, if the dry ice content, a, and the slurry size are well controlled, we
can optionally choose the depth that the CO, slurry released in 200
meters depth turns back. Moreover, if we set the turn-back depth to a
little bit shallower and deeper than the neutral depth of around 2700
meter, the full depth from the ocean floor to the phase boundary can
be used for the CO, dissolution field, which makes the maximum
CO, concentration the lowest. Figure 17 also suggests that the
application to the dissolution method is not difficult.
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Conclusions

Through various types of land-based and in situ experiments
with the MBARI, it was found that the development of a cold CO,
release nozzle, which was thought to be a breakthrough technology to
realize the COSMOS proposed in 1998, was not necessarily easy.
Moreover, the last in situ experiment and the numerical simulation
for a CO, slurry mass release suggest that the release of CO, as slurry
mass was much easier than cold liquid CO, release. Then the authors
proposed a new COSMOS in which CO, transported by a CO, carrier
is released as slurry masses into 200 meters depth.

The new COSMOS has several advantages compared to the
original COSMOS and other CO, ocean sequestration methods
proposed so far. That is, the new COSMOS is easy to realize and
requires low initial and running costs. And when applying the new
COSMOS to the dissolution method, the full depth from the ocean
floor to the phase change boundary can be utilized for the dissolution
field, which results in the lowest CO, concentration.
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A PROTOCOL FOR DETECTION OF SURFACE
LEAKAGE FROM A CO; INJECTION PROJECT

Ronald W. Klusman

Dept. of Chemistry and Geochemistry
Colorado School of Mines
Golden, CO 80401

Introduction

The success of CO, sequestration by deep injection in
geologic formations is dependent on the seals and aquitards being able
to confine the large amount of fluid injected under overpressured
conditions. The possibility for relatively rapid vertical transport of a
buoyant phase increases with overpressuring of a reservoir during the
injection process. The Rangely, Colorado field has been undergoing
large-scale CO; injection since 1986 for purposes of enhanced oil
recovery (EOR). Cumulative CO; injection has been 27.4 billion cubic
meters (BCM), of which 11.3 BCM is new, the remainder being
recycled gas from production wells.

This report is on methods to detect diffuse surface leakage
of gases at the surface. A protocol for the detection of a deep source of
gases in the presence of a large amount of surface and near-surface
biological production of gases requires a thorough understanding of
the noise being generated in the shallow parts of the system and
processes influencing soil gas exchange with the atmosphere.

Experimental

Measurements of CO,, CHy4 and light alkanes at 30-, 60-,
and 100 cm in soil gas, and as fluxes into the atmosphere were made in
the winter of 2000-01 and summer of 2001, and will continue in the
winter of 2001-02. The measurements were at 67 locations over the
Rangely field, a background area, and a major fault adjacent to the
field. The measurements of CO, concentrations for flux calculations
were made at each location by field infrared spectroscopy on
circulating air from under three closed 1.00 m” flux chambers set 10
m apart. Methane from under the flux chambers and soil gas CHa, CO,,
and light alkanes were analyzed by laboratory gas chromatography.
Stable carbon isotope ratios were measured in CO; from soil gas and
flux chamber samples by isotope ratio mass spectrometry.

Additional measurements were made of soil moisture and
temperature, air temperature and barometric pressure, gas permeability
of soils and subsoils, stable carbon isotope ratios of various solid and
gaseous samples. Five "deep" holes were augered for nested sampling
of gases at depths of 1-, 2-, 3-, 5-, and total depth, which ranged from
seven to nine meters.

Results and Discussion

The summer fluxes of CO, from the soil to the atmosphere
had a median of 3.8 g CO, m? day'1 and CHy fluxes had a median of
0.46 mg m” day'l, with soil microbiological production/consumption
dominating as indicated by stable isotopes. The preliminary winter
measurements in 2000/2001 averaged 0.2 g CO, m™ day” and 0.1 mg
CH,; m” day_l, respectively. These data are summarized in Table 1
where means are shown, and also medians for highly skewed data.

Seasonal variation in both CO, and CH4 fluxes, and in
shallow soil gas samples was the largest source of variation. Summer
CO, fluxes were at least a factor of ten greater than winter fluxes at

Rangely, due to rise and fall of root respiration and soil
microbiological activity. Methane fluxes were largely influenced by
rise and fall of methanotrophic activity, which can consume CHy4 from
a subsurface source, and/or from the atmosphere, which then results in
negative (downward) fluxes.

Soil gas CO, concentrations vary by about a factor of three
from summer to winter. Soil gas CH4 showed little variation from
atmospheric concentration, except in a few locations. The stable
carbon isotopic data exhibited slight negative values during the winter,
suggesting a small, but dominating biological influence on soil COs.
The atmospheric influence was reduced in the winter of 2000/01
because the soils had some snow cover, and were frozen to at least 30
cm depth. The summer stable carbon isotope data were very close to
atmospheric ratios, suggesting an effective exchange with the
atmosphere through dry, porous soils.

Two of three "deep" holes over the Rangely field had high
CH,4 and alkane concentrations suggesting a deep source of these
gases. One of the holes over the field, the single hole over background
and the single hole over the Mellen Hill Fault indicated
methanotrophic activity consuming atmospheric CHy.

Short-term noise related to precipitation events, time-of-day
measurements, and barometric variation also occurred. In a dry
climate, a precipitation event will cause a burst in soil microbiological
activity, increasing flux, and shifting stable carbon and oxygen
isotopic ratios to more negative values. Barometric gradients exert a
significant influence on flux magnitude, resulting in an increased
upward flux with falling pressure.

Table 2 illustrates parameters where significant differences
were found among the on-field, background, and fault locations for the
summer of 2001.

Conclusions

Some evidence of a small magnitude deep source was
indicated at Rangely by stable isotopes, and supported by the presence
of light alkanes in shallow soil gas over the field, and their absence in
a background area of similar surface geology, soils, and climate.
Detection of a low intensity, deep diffuse signal requires special care
in selection of the parameters to be measured. Faults may serve as
conduits for leakage and should also be monitored. The best time for
making flux and soil gas measurements will be under winter
conditions, when soil respiration and microbiological activity is at a
minimum, possibly allowing a deep-source signal to be detected.
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Table 1. Summary of Seasonal Variations in Key Parameters.

Winter 2000/01 Summer 2001
Mean (Median) Mean (Median)
CO, Flux (g m”day™) 0.23 (0.19) 3.80 (3.02)
CH, Flux (mg m~day™) 0.10 (-0.18) 3.59 (0.46)
30 cm CO; (ppmv) 518. 1091.
60 cm CO; (ppmv) 621. 2043.
100 cm CO; (ppmv) 836. 2751.
30 cm CH4 (ppmv) 1.98 32.1(2.39)
60 cm CH4 (ppmv) 2.03 404.(2.49)
100 cm CH, (ppmv) 2.29. 1925.(2.61)
Chamber §"Ccoo-Atm. §°Ccoa(%0)  -0.67 -0.03
30 cm 8" Ceor-Atm. §"Ccoa(%o) -1.92 +0.02
60 cm 5" Ccor-Atm. §"Ccoa(%o) -1.58 +0.26
100 cm §Ceop-Atm. 8" Cox(%a) -1.78 +0.23

Table 2. Non-Parametric Two Group Median Test.

Background
Area

Fault

CO; Flux
CH4 Flux

30 cm COz
60 cm CO,
100 cm CO,

30 cm 813CC02
60 cm 513Cc02
100 cm §"Ccon

30 cm CHy
60 cm CHy4
100 cm CHy4

** On-Field
** Highest
£

NA - Only two flux measurements on Mellen Hill Fault

- Not significant
* Significant at ¢=0.05
** Significant at ¢=0.01

Mellen Hill

NA
NA

* Fault
** More
* Negative
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Recent advances in deep-sea CO, sequestration
experiments.

Edward T. Peltzer, Peter G. Brewer, Rachel M. Dunk, Jon Erickson,
Gregor Rehder and Peter Walz.

Monterey Bay Aquarium Research Institute
7700 Sandholdt Road,
Moss Landing, CA 95039-9644.

Introduction

Over the last five years, we have developed and refined
techniques for the precise and controlled release of small quantities
(0.5-7L) of liquid CO, in the deep ocean using MBARI’s advanced
remotely operated vehicle (ROV) technology. We have used this
technology to pursue fundamental chemical, physical, and biological
studies associated with ocean CO, sequestration. This technology
was designed to allow us to conduct experiments mimicking some of
the many ocean CO, sequestration processes which have been
proposed, such as those summarized by Hanisch!. Notably, we
wanted to observe and test ideas concerning CO, behavior during
releases in the mid-water (400m to 2000m), to mimic plumes of CO,
that might arise from CO, released from shallow pipelines or pipes
towed from tankers, and in the deep-sea (>3000m), where liquid CO,
is denser than the surrounding seawater and the experiments are
gravitationally stable. We report here the development of a 56L
accumulator system, capable of delivering 42-46L of liquid CO, at
3600m depth, constructed of carbon fiber composite, for meso-scale
studies. This represents the size and weight limit possible with current
MBARI ROV technology.

Subsequently, we have completed a series of experiments in
Monterey Bay using this technology. We have used this system for
new observations of the fate of liquid CO, on the sea floor at depths
>3000m. We have used a time lapse camera to image the fate of
~16L of liquid CO; in a 50cm diameter corral at 3600m depth; where
dissolution was complete in 14 days. We have observed in situ the pH
of a pocket formed in the liquid CO, surface film, and migration of
CO, saturated water into the sediments with massive hydrate
formation following.

Experimental

Technology Development. Our initial device consisted of two
hydraulic cylinders mechanically connected in tandem. One cylinder
was controlled using the hydraulic system on the ROV. When this
device was activated, its ram would move the piston in the other
cylinder and expel the liquid CO, contained therein. Although the
capacity was small (0.5L), use of this device did allow us to conduct
our earliest experiments and to gather needed experience with
handling, transferring and deploying liquid CO, in the ocean from an
ROV?. However, the small capacity of this system quickly proved to
be limiting on both the size and duration of the experiments we could
undertake, so we developed a larger CO, delivery system that
employed a steel, 9L piston accumulator as the liquid CO, reservoir.
A tandem cylinder pump was used to force seawater into one side of
the piston accumulator. This pumping action served to drive the
internal piston and expel liquid CO, from the other end. The use of
these pumps freed us from the volume restrictions imposed by the size
of the ROV hydraulic system reservoir and also served to provide us
with a precise volume measurement of the amount of liquid CO,
dispensed. This device served us well for both our first benthic CO,
release study’, and subsequent droplet experiments at mid-water
depths®.

The desire to conduct experiments with volumes several times
larger than the 9L capacity of our steel accumulator system, yet

wanting to avoid wasting valuable ROV dive-time ferrying liquid CO,
to the sea-floor, led us to develop a larger system limited only by the
ROV payload capacity in terms of weight and size. This system
consists of a carbon-fiber composite piston accumulator of 56L
internal capacity constructed by Hydratech, Fresno, CA. At 23 cm
outside diameter and 194 cm length, it is close to the largest object the
ROV can contain within the tool-sled. Yet the use of a carbon-fiber
reinforced fiberglass composite for construction of the accumulator
barrel provided sufficient strength (3000 psig rating) at a fraction of
the weight of a steel cylinder of comparable size.

Tandem cylinder pumps were used to actuate the 56L CO,
accumulator as was done previously. In order to have both fine
control of small volumes of liquid CO, dispensed, and the capacity to
deliver larger volumes relatively quickly, we choose to use two
tandem cylinder pumps: one of 128mL capacity and a second of
970mL capacity. The two pumps also provide a level of redundancy
to successfully complete a CO, deployment should either of the
tandem cylinder pumps fail to function during a dive.

Deep-sea Releases. We have now completed several release
experiments using the S6L piston accumulator at depths of 3000m and
deeper. Our initial attempt using this system was at a site 153km west
of Moss Landing, CA, at a water depth of 3604m. We made several
deployments of 10-20L aliquots of liquid CO, into plastic “corrals”
made of 50cm, pipe cut to 12cm lengths (Figure 1). One of these
corrals occupied the field of view of our deep-sea time-lapsed video
camera so ‘“‘continuous” observations could be made for several
weeks. In addition, we repeated the beaker experiment® at this site.
All told six delivery dives were made successfully.

Figure 1. A “corral” filled with liquid CO, at 3604m water depth and
1.55°C. Notice that the strong surface tension precludes the liquid
CO, from completely covering the bottom of the corral.

Our second series of CO, releases using the 56L. accumulator
system occurred at a site 100km southwest of Moss Landing, CA,
with a water depth of 3322m. This time, 30cm deep corrals were
used and the time-lapse video camera was deployed to make long-
term observations. Additionally, an attempt to measure the surface
strength of the hydrate skin was made. Only two delivery dives were
made at this site. Both were successful and on the last we delivered
the maximum theoretical volume of liquid CO, that could be
contained within the CO, piston accumulator.

In all of these experiments, pH measurements were made near
the liquid CO, seawater interface both inside the CO, containers
(beakers and corrals) as well as outside the containers in ambient
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seawater using a Sea-Bird SBE-18 pH probe (Figure 2). These pH
measurements were made inside the containers by moving the pH
probe with the ROV manipulator arm as well as several meters up-
stream or down-stream of the corrals by relocating the ROV.

ch Institute

Figure 2. Sea-Bird pH probe (SBE-18) measuring ambient pH within
a few cm of a pool of liquid CO, at 3604m depth.

Results

Unlike the smaller steel cylinder reservoirs which were easily
filled with liquid CO,, the carbon fiber composite cylinder required a
different protocol to completely fill it with liquid CO,. The steel
cylinders can be easily cooled, either with flowing water or packed in
ice, to facilitate the transfer of heat from the cylinder and
condensation of liquid CO, inside. However, the carbon fiber
composite does not allow this easy removal of heat, so the CO, has to
be transferred as a cooled liquid and kept under pressure at all times.
This required a delicate balancing of the CO, delivery into one side of
the piston accumulator along with the venting of water from the other
side. If the piston was allowed to move too quickly, or if the internal
pressure of the system dropped below the vapor pressure of the liquid
CO,, then a gas pocket formed inside the accumulator and incomplete
filling resulted.

Because of the compressibility of liquid CO,, the volume of CO,
delivered at-depth is dependent upon both the ambient PT conditions
at-depth and the temperature and pressure of the liquid CO, at the
time the accumulator is filled. The colder the liquid CO, is during the
filling operation, the greater volume that will be available for release
at depth. Theoretical delivery volumes for the 56L. accumulator at
two release depths are given in Table 1.

Table 1. Theoretical Delivery Volumes (L) for 56L. Cylinder

hydrate formed overnight within the sediment at one of the corrals
creating a massive “frost-heave” (Figure 3), yet a similar corral
nearby, showed no such behavior. The reason(s) for this stochastic
behavior elude us, however it does suggest that minor changes in the
conditions of deployment leads to different outcomes.

Figure 3. CO,-hydrate frost heave that formed overnight.

The dissolution rate of the liquid CO, was measured in two
separate experiments. In one, we observed the slow decrease in the
level of the liquid CO, pool inside a corral using the time-lapse video
camera system. From this change in volume across a fixed surface
area a crude approximation of the CO, dissolution rate of 0.2
umol/cm*/sec was made. In the second experiment, a pH probe was
inserted about 10 cm into a pool of liquid CO,. Because of the strong
tensile strength of the CO, hydrate skin, the liquid CO, did not flood
the trapped volume, but instead a well containing ambient seawater
was formed. From the observed change in pH as a function of time a
dissolution rate of 1.8 wmol/cm*/sec was calculated. There are
obvious uncertainties in both of these determinations, but as first-
approximations they may prove useful to guide future work on deep
ocean CO, sequestration.

Conclusions

It is now possible to deploy up to 46L of liquid CO, from a
single ROV dive to depths of 3000-4000m. From initial dissolution
rate measurements, we can expect that small pools (50cm dia., 10-
20cm depth) of liquid CO, will have lifetimes on the order of a few
weeks. This lifetime is sufficient to meet the needs of various benthic
biology and geochemistry experiments.
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Fill T (°C) at 900 psig 3200m, 1.60°C 3600m, 1.55°C
12 46.7 46.1
16 45.0 44.4
20 42.8 42.2
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Introduction

The carbon dioxide greenhouse question has led many
researchers involved in a variety of fields to study the phenomenon.
Kyoto Protocol, which will be ratified by most of developed country
this year, is a mechanism that will reduce global GHG emissions by
5.2 % in 2012 compared to 1990 level.

In response to that issue, CO, Solution has developed a system
that involved the use of a biological process for the transformation of
CO, into harmless compound, bicarbonate. This transformation of
CO,, also called ionisation, is catalyzed in presence of an enzyme.

The challenges associated with the bioreactor operation were to
optimize gas to liquid flow ratio, packing height, concentration of gas
at inlet, and pH of the liquid phase. Those operational parameters
were set for the highest enzyme activity. Furthermore, one of our
main objectives was to determine the best way to recycle bicarbonate
ions. Studies were oriented toward precipitation in the form of metal
carbonate such as calcite, magnesite, etc.

Over the past several years, the concept of employing an
enzyme-based reactor to reduce CO, levels in many environments was
successfully demonstrated. Results on CO, removal and beneficial
reuse are presented in this document.

Experimental

Bioreactor system. The bioreactor is a packed column with
enzyme immobilized onto the packing material. A packed column
design was adopted since it enables an optimal contact area between
gas, liquid and solid (the packing material with immobilized enzymes)
phases. In this bioreactor, a gas containing CO, will enter the
bioreactor and contact the liquid phase that will absorb the CO,
stream. Immobilized enzyme will transform aqueous CO, into H" and
HCO;". A schematic representation of the bioreactor is presented in
Figure 1.

Experimental conditions. Different operating conditions were
tested with the bioreactor. When the notation "with enzyme" is used,
the packing used has active enzyme bonded and immobilized to its
surface. A packing "without enzyme" is one with all of the treatment
for immobilisation but no enzyme on its surface.

All tests were conducted with an inlet gas concentration of
approximately 5000 ppm CO,, a Tris solution adjusted to a pH of 8.3
with H,SO,, a packing height of 15 cm and a gas flow of 0.064 kg/h.
The effect of the variation of some of these parameters on the reaction
rate of ionisation were studied: liquid/gas flow ratio, packing height
and concentration of gas at inlet.

Precipitation of bicarbonate. Ions produced in the chemical
reactions were concentrated with an anionic resin. Bicarbonate ions
were then precipitated by the addition of dissolved cations. pH was
varied by adding NaOH 2N. Solids were recovered by centrifugation
or filtration through 0.4 pm filters and dried at 90°C. Solutions of
0.1 M CaCl, and BaCl, and dissolved synthetic sea salt (38 g/l) were
used to precipitate bicarbonate ions. Glassware were used to limit
solids adsorption. Essays were done in batch with 0.1 M NaHCO; to
simulate bicarbonate concentration coming from an anion resin
regenerating phase (after the bioreactor).

Analysis. Mineral identification was performed on few samples
by electronic microscopy, X-rays diffraction and fluorescence. Metal
concentration analysis were obtained by atomic absorption.

Water inlet

Treated air exit

Enzymatic section
of reactor

CO, gas inlet

Wastewater

Figure 1. Schematic representation of the laboratory scale bioreactor.

Results and Discussion

Bioreactor optimization. Optimization of inherent parameters
of the bioreactor allowed the determination of optimal operational
conditions.

CO, ionisation rate in relation to packing (with or without
enzyme) and liquid loading rate is presented in Figure 2. It shows that
transformation rate rises when liquid to gas flow ratio (L/V) is
increased. The major drawback of amplifying L/V is a higher liquid
consumption and, thus, energy need. When calculating the
improvement, in percentage, of the transformation rate when using
enzyme compared to no enzyme, a lower L/V is better. For example,
at a liquid loading rate of 6,500 kg/h.m> the improvement is 51 %
compared to 39 % at 26,000 kg/h.m”. A low L/V presents, hence, the
best flow condition for a optimized operation.
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Figure 2. CO, ionisation rate in relation to packing (with or without
enzyme) and liquid loading rate.

An increase in packing height shows a proportional rise in CO,
transformation rate, the packing with enzyme being higher. Increasing
CO, gas concentrations inlet from 1,000 ppm to 10,000 ppm has little
influence on the reactor efficiency.

Finally, varying pH of the liquid media increased the CO,
transformation in bicarbonate and subsequently in carbonate ions. A
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few essays have demonstrated that fact (pH 6.5 to 10 increased
slightly the global CO, removal efficiency). A numerical model
predicted that pH over 11 will maximize CO, removal. But, to
maintain a so high pH you must add chemicals and you may lose
enzyme efficiency.

Globally, in the conditions tested, packing efficiency is 52 %
more efficient than a packing without enzyme.

Precipitation of bicarbonate. Our first essays to precipitate
calcite have demonstrated that mixing a source of carbonate and
calcium ions (CaCl, + NaHCO; + NaOH) results in the formation of
orthorhombic calcite crystals (diameter of about 5 um; Figure 3).
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Figure 3. Electronic microscopy picture of calcite crystals.

Other essays have being done to study pH variation effect.
Figure 4 shows that the maximum weight that can precipitate is
achieved at a pH as low as 8.
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Figure 4. Relationship with calcite precipitation and pH (10" M and 107 M).

A chemical equilibrium model also predicted that calcite
formation is optimal at pH 7 to 8 at operating conditions (Figure 5).
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Figure 5. Relationship between calcite precipitation and pH.

However, a difference between theory (9.2 g/l of calcite
attended) and experimental results (7.7 g/l £ 0.09) of 16 % is still
remaining. One hypothesis to this difference is that a constant
equilibrium is happening between the sample surface and atmosphere.
Each time we shake the bottle to homogenize the sample,

effervescence occurred, so CO, must be stripping in air. A mass
balance study could confirm this hypothesis and will be realized on
other essays.

A few experiments were done to precipitate witherite (BaCO;),
presented in Figure 6. Solid weight was about 18 g/l, either at pH 8
and 12, at an initial concentration of 0.1 M of both Ba and carbonate.
There was no such significant difference with theory (19 g/l).
Witherite is probably more stable than calcite (solubility product of
2.58E-9 and 3.36E-9 respectively).

Precipitation of bicarbonate ions with diluted synthetic sea salt
was experimented in laboratory. For one sample, an electronic
microscopy analysis has detected no crystals except an amorphous
matrix. For another sample, in which we add CaCl, and sea salt to
promote calcite precipitation, aragonite, a lesser stable form of
calcium carbonate, and halite were detected.
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Figure 6. Electronic microscopy picture of whiterite crystals

Different pH (from 8 to 11) were tested for the precipitation of
bicarbonate ions with sea salt. The results showed that at pH lower
than 9.5 nothing really precipitate, and global solid weight increased
with pH up to 11. The model predicted that calcite should mainly
precipitate at pH higher than 11. Below that, dolomite (CaMgCOs),
CaSOy(,q) and Ca®* are dominating species. More experiments will be
done at pH 12 to verify this assumption.
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Figure 7. Relationship between precipitate weight and pH (sea salt).

Conclusions

CO, gas transformation in bicarbonate was realized in an
enzymatic bioreactor. Bicarbonate ions are concentrated on an anionic
resin, and subsequently precipitated with Ca - calcite, Ba — witherite
and sea salt. Experiments have shown that precipitate weights are
optimal at pH 8 for calcite and witherite minerals. On the opposite,
solid weight of precipitates obtained with diluted sea salt is increasing
with pH.
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Introduction

The combustion-based production of CO, has led to a
major international environmental challenge to deal with global
climate warming produced by atmospheric CO,'. Global warming
is projected to lead to disastrous consequences for most of the low-
lying areas of the world®. The 1997 Kyoto Treaty to curtail CO,
emissions includes collection and storage of a significant fraction
of the 24 billion tons of CO, produced worldwide each year using
depleted oil/gas reservoirs, deep saline aquifers, coal beds, and the
deep ocean’.

Sequestering CO, is a rational solution to reducing
emissions , but a potentially more rewarding route to CO, reduction
is to use chemical energy available from sunlight-driven
semiconductors or from thermally promoted reduction with Fe(Il)
minerals to convert CO, back to C; products and fuel; in both
cases, water serves as the hydrogen source.

Photoreduction of CO,

Reduction of CO, to a variety of C; products using ZnO
and TiO,was reported in the early 1980s, but efficiencies generally
were low (<5%)*. Reduction of CO, is effected by a photo-
promoted electron with concomitant oxidation of water (Reactions
[1] and [2]) by the valence band hole’. Generally, reduction
efficiencies using bulk semiconductor particles are low. However,
Q-ZnS nanoparticles in isopropyl alcohol, gave reduction
efficiencies of over 20%°.

CO, +2¢ +2H e
HCO,H (conduct band) 1)

2H,0 P 4H'+0,+2¢ (hole)
()

Reduction of CO, by several other materials, including
GaP, WO;, CdS, LiNbO;, and several doped TiO, semiconductors
has also been reported’'?. The band gap of TiO, of ~3.7 ¢V means
that onset of UV absorption is near 360 nm, thus excluding the
major fraction of energetic solar photons.

Hematite (Fe,03) has a band gap of about 2.2 eV, thus
extending the spectral range of sunlight that can be captured to
about 550 nm". The oxidation/reduction potentials are sufficient
for Reactions (1) and (2), but electron hole recombination is fast
and the reported efficiency of hematite for oxidation of water is
low'. Nanometer particle films of hematite gave improved
efficiency'’.

Ohta and coworkers'® effected reduction of CO, to
formate by solar irradiation of rocks containing hematite.
Reduction of CO, using CaFe,0,4 to methanol and formaldehyde is
reported'”.

A variety of C, and C, products form on reduction of
CO, depending on the semiconductor, wavelength, solvent polarity,

and perhaps other factors®. In one case, the product changes from
CO in water to formate in dichloromethane with isopropyl alcohol
as the reducing agent. In propylene carbonate solvent, CO,
reduction gave mostly methanol'®.

Thermal Reduction of CO,

McCollom and coworkers'®?® found that reaction of
dissolved CO, with olivine in hydrothermal media, immediately
gave formate at 300°C and 350 bar. Some experiments were
conducted with no headspace possibly inhibiting further reduction
to alkanes, a thermodynamically favored process.

When reduction was conducted with headspace, aqueous
formate gave a broad array of Fischer-Tropsch-like products in the
alkanes, alkenes, and oxygenated products, at 175°C. When
headspace is available, further reduction of formate takes place in
the gas phase through the molecular acid, probably on the reactor
surfaces. Although no elemental balances were provided in the
report, it is likely that the conversions proceeded through a series of
highly exoergic formic acid disproportionations, like that in
Reaction (3) for the formation of alkanes:

(Bn+)HCO,H — g (20+1)CO, + CHapir + 20 Hy0O

Summary

Photochemical semiconductor processes readily reduce
CO, to a broad range of C; products. However the intrinsic and
solar efficiencies for the processes are low. Improved quantum
efficiencies can be achieved using quantum-sized particles, but at
the expense of using less of the visible solar spectrum. Conversely,
semiconductors with small bandgaps utilize more of the visible
solar spectrum at the expense of quantum efficiency.

Thermal reduction of CO, with Fe(Il) is
thermodynamically favored for forming many kinds of organic
compounds and occurs readily with olivine and other Fe(Il)
minerals above 200° C to form higher alkanes and alkenes. No
added hydrogen is required.
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Introduction

The need to alleviate the problem of global warming has
resulted in environmental concern over a reduction of greenhouse gas
emissions from industrial sources. Carbon dioxide (CO,), the largest
contributor to the problem, is the major target for reduction. Under
these circumstances, the removal of CO, from industrial waste gases,
which would otherwise be vented to the atmosphere, becomes
important. The CO, removal can be achieved by a number of
separation techniques, of which the most suitable process approach
for removing CO, from high-volume waste gas streams is an
absorption into the liquid solvent.

The industrial use of structured packings for CO, absorption
has not yet been reported in the open literature. However, the
potential use of the packings has been investigated.'” These studies
confirmed that a column fitted with structured packings yields
superior performance when compared to a column using random
packings. With this excellent performance, taken together with the
intense environmental concern over CO, reduction, future use of
structured packings for CO, absorption is anticipated

Fundamental information on the mass-transfer characteristics
of the packings is required to design a CO, absorption column packed
with structured packings. A number of research studies have been
focused on determining characteristics such as mass-transfer
coefficient and effective mass-transfer area for various types of
structured packings. However, these have been based primarily on
fitting experimental data to empirical expressions. Use of such
information is therefore limited to only that particular structured
packing and application.

An understanding of fluid dynamics inside the packing
elements is essentially required to fundamentally describe the mass-
transfer performance of structured packings. Only a few mass-
transfer models have been developed so far with regard to column
dynamic information. This basically indicates that the models still
lack full understanding of the fluid dynamics inside the packings.
The present study therefore proposes a mechanistic concept that
presents the fluid dynamic and mass-transfer behavior inside the
structured packings used for CO, absorption.

Model development

The mechanistic concept was developed on the basis of liquid
irrigation features through the packing elements, which can be
determined from the details of the packing geometry. The concept
was also based on an integration of a number of theoretical models,
that aim to determine the distribution pattern of the flowing liquid
inside the packing element, effective interfacial area, mass-transfer
coefficients (based on penetration theory) and other information such
as thermodynamic contributions (based on electrolyte NRTL model).
A Fortran-90 computer program was written for the mechanistic
concept in order to simulate the CO, absorption performance of
columns packed with structured packings. The simulation was based
on the theoretical packed column design procedure for adiabatic gas

absorption with chemical reaction, which was first described by
Pandya (1983). The procedure accounted for heats of absorption,
solvent evaporation and condensation, chemical reactions in the
liquid phase, and heat-and mass-transfer resistance in both gas and
liquid phases. To execute the simulation, the developed computer
program required a set of input information, including feed
conditions of the gas and the liquid phases (i.e. compositions,
temperature and flow rates), pattern of liquid irrigation from the
distributor, number and arrangement of structured packing elements
in the absorption column, and geometry of the packings.

Model simulation

Simulation results. The model simulation can generate the
essential required information for the absorption system design
including the concentrations of CO, in the gas phase, concentrations
of reactants in the liquid phase, mass-transfer coefficients, and the
effective interfacial area at different axial positions along the packed
column. The patterns of the liquid irrigation inside the structured
packing elements can also be provided as shown in Figure 1.
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Figure 1. Examples of simulated liquid distribution plots.

Model verification. The verification of the developed concept
was based on the prediction of mass-transfer performance in the CO,-
MEA absorption system. The simulation results were generally
presented in terms of the gas-phase CO, concentration profiles along
the absorption column, which were plotted against the experimental
data for comparison purposes. The comparisons were made over the
wide ranges of operating conditions where the thermodynamics
contribution was significant in controlling the mass-transfer
phenomena in the absorption system. Good agreement between the
experimental and simulation results was found for all packings tested.
An example of the result comparison is given in Figure 2.
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Mellapak 500Y
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Figure 2. Comparison between the experimental (open circles) and
simulated (solid lines) CO, concentration profiles.

Mass-transfer with different liquid loads. The liquid load
was found from the simulation results that it has a significant effect
on the performance of packed column. Higher liquid load enhances
the CO, absorption efficiency due to an increasing interfacial area as
evidenced by the simulation results in Figure 3.
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Figure 3. Simulated effective interfacial area plots of GemPak 4A
structured packing (Top) and simulated maldistribution factor of
Mellapak 500 Y (Bottom).

The increasing interfacial area with the liquid load is also
evidenced by the quality of the liquid distribution illustrated in Figure
3. The higher maldistribution factor at the low liquid load indicates
poor quality of the distribution, reflecting the lower degree of
packing surface that takes part in facilitating the liquid to contact
with the gas-phase. As the liquid load increases, the distribution
quality is improved and the maldistribution decreases considerably.
The lower maldistribution factor basically indicates a nearly uniform
distribution, providing the greatest interfacial area for mass-transfer
process.

Mass-transfer with different initial liquid distribution
patterns. The quality of the initial liquid distribution from
distributor is another important factor that has an effect on the mass-
transfer performance of the packed column. Poor initial liquid

distribution promotes the maldistribution phenomena, which can
deteriorate the column efficiency. Figure 4 shows the simulated and
experimental gas-phase CO, concentration profiles of the columns,
operated with the two different initial liquid distribution patterns. It
is apparent that the liquid distribution model well established the
influence of the initial distribution on the mass-transfer performance
of the column containing structured packing, i.e. the noticeable
divergence between the two concentration profiles at the top packing
element (element height of 0.245 m for Gempak 4A). The full-
distribution pattern with the greater drip-point density generally gave
higher CO, absorption performance than the 4H-distribution type.
The lower effective interfacial area (a.) is the primary cause of the
lower absorption performance in the column with 4H-distribution.

Gempak 4A
16 CO,-NaOH system
Liquid load = 17.6 m*m?h
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Figure 4. Gas-phase CO, concentration profiles based on two
different initial liquid distribution patterns (Top) and their simulated
effective areas.

Conclusion

The concept was developed on the basis of liquid irrigation
features through the packing elements, which can be determined from
the details of the packing geometry. The results of this research lead
to a better understanding of the fluid dynamics within the columns
fitted with structured packings. This can be used to design and
simulate the CO, absorption process or even to optimize and
customize the geometric features of new structured packings as they
are developed to fit particular separation tasks.
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ABSTRACT

The capture of CO, from gas streams has been achieved by the
utilization of amine- enriched, solid-sorbent systems. The initial
solid sorbents were generated by the chemical treatment of carbon-
enriched fly ash concentrates with various amine compounds. It was
determined that these amine-enriched fly ash carbon concentrates
performed at a 18 % CO, capture capacity based on commercially
available sorbents. Alternative oxygen rich solids, such as, silica gel,
activated carbon, and molecular sieves were examined as potential
sorbents for the capture of CO, from gas streams. The chemical
sorption performance of these solid amine sorbents will be described
within this paper.

Keywords: carbon dioxide, capture, and amine sorbent

INTRODUCTION

The concentration of CO, in our atmosphere is promoted by the
combustion of fossil fuels for the generation of electricity.
Capturing CO, from flue-gas streams is an essential parameter for the
carbon management for sequestrating of CO, from our environment.
Current technologies' being considered for CO, sequestration
include: disposal of CO, in deep oceans; depleted oil and gas fields;
deep saline formations (aquifers); and recovery of enhanced oil, gas,
and coal-bed methane. However, the current cost for the utilization
of these types of technologies has proven to be too expensive.
Consequently, reducing the cost for the capture of CO, will be a
critical step in the overall carbon management program.

The physical and chemical adsorption of CO, can be achieved by
using solvents, cryogenic techniques, membranes, and solid sorbents.
The large-scale operation of these technologies is energy intensive
when applied to capturing CO, in dilute stream, such as flue gas,
which consist of 15% CO, by volume for most coal combustion
systems. Amine-based, solvent-capture systems are the most energy
efficient option, but are energy intensive due to the large amount of
water needed in these system. Excessive water is required because of
the corrosion and air flow problems created by the use of
monoethanolamine (MEA), diethanolamine (DEA), or
methyldiethanolamine (MDEA) in these aqueous-based, CO,-capture
systems. The proposed reaction sequences for using primary,
secondary, and tertiary alkanolamines reacting with dissolve CO, are
shown below.

Formation of the zwitterion ion:

(1) RR,NH +CO, ¢+—» R,R,NH*CO2-

Formation of amine carbamate:

(2) R,R,NH + R,R,NH+CO, <—» R,R,NH"+R,R,NCO,’

Protonation of amine:
(3) R;R,R,N + H,0 + CO, (aq) *—> R,R,R;NH+ HCO,

Solid-amine CO, sorbents should have similar reactions with
airborne CO,, water vapor, and the amine functional group on its
surface. Consequently, these types of sorbents are being used in

aircraft, submarine, and spacecraft technologiesz'4. However, the
cost of these sorbents is too expensive for large-scale applications in
the utility industry. Consequently, the development of economical
amine-enriched sorbents based on carbon fly ash and other oxygen
rich sorbents will be discussed within this paper.

EXPERIMENTAL PROCEDURES

Samples--A fly ash containing 9.5% of unburned carbon was
collected from the bag house of the 500-1bs/hr-combustion unit at the
National Energy Technology Laboratory (NETL). The fly-ash
sample examined in this study resulted from the combustion of a
Pittsburgh-seam coal from the Black Creek mine. A column
agglomeration process”® developed at NETL was use for the
collection of the unburned carbon samples.

The three alternative oxygen rich solid substrates that were examined
as CO, capture sorbents were a silica gel (grade 3, 8 mesh) from
Aldrich Chemical Company, a coal based activated carbon from
Calgon Inc. and a 13X molecular sieve from Sud Chemie.

Amine Treatment Process--The actual conditions for incorporating
the amine group into the structure of the unburned carbon samples
will not be discussed in this paper due to pending patent applications.

CO, Capture Capacity--The chemical CO, capture capacities were
determined by the combination of Diffuse Reflectance Infrared
Transform Spectroscopy (DRIFTS) Temperature Programmed
Desorption (TPD) and Mass Spectroscopy (MS) analyses. The
physical adsorption of CO, was not analyzed due to the limitations of
the experimental reactor systems. The detailed operating conditions
for this procedure were previously described in the literature’.

RESULTS AND DISCUSSION

Initially, the original fly-ash concentrates (95) were generated from
the feed fly ash (59) by using the column agglomeration process.
The amine treated carbon concentrates (95A, 95B, and 95C) were
then examined as CO, capture sorbents. These samples were place in
a H,O/COy/He stream and DRIFTS, TPD, and MS analyses
determined the CO, capture capacity. The adsorption/desorption of
CO, for these samples were determined over the temperature range
of 25 —120 °C. Typical DRIFTS and TPD/MS spectra are shown in
figures 1 and 2. According to the DRIFTS spectra, the formation of
the corresponding carbamate-amine product was indicated by the
presence of the two peaks at 1087 and 1148. The other major peaks
at approximately 2380 are the physically adsorbed CO,. The
desorption of the CO, was observed as the temperature was increased
to 120 °C. At this elevated temperature, the TPD/MS spectra
indicates the mass numbers (m/e) for the desorption of CO, (m/e 44),
H20 (m/e 18), O, (m/e 32) and CO or N, (m/e 28). The m/e value of
28 may be the decomposition of the surface amine compound or the
breakdown of the carbamate amine product. If this is the
decomposition of the surface amine compound, it will have a direct
effect on the regenerable properties of these sorbents. The overall
CO, capture capacities are summarized in Table 1.

Table 1: TPD CO, Desorption Data of Amine Treated Sorbents

Sample # Treatment umol/g CO, Captured
59 Feed Fly Ash None 24.4

95 Carbon None 72.9

95 A Carbon A 81.1

95 B Carbon B 117.9

95 C Carbon C 174.6

95C Carbon (rengenerated) C 140.6
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As shown in Table 1., the physical absorbed CO, in samples 59 and
95 increased with the amine chemical treatment. The best sample
was 95C, which had the CO, capture capacity of 174.5 umol/g, and
was regenerable for an additional test (140.6 umol/g). In comparison
to commercially available sorbents with surface areas of 1000-1700
m%/g and CO, capture capacities of 800-1000 pmol/g, the 95C was
only able to achieve 18 % of the CO, capture capacity. However, the
surface area of the 95C amine- enriched sorbent was only 27 m?/g,
which may account for its low CO, capture capacity.

Alternative oxygen-rich solid substrates tested as amine-enriched
sorbents for the capture of CO, are summarized in Table2.

Amine Treated Samples umol/g CO, | % CO,
Captured Capacityl

NETL Fly Ash 24 .4

Treated NETL Fly Ash 174.6 615.5
Silica Gel 4.9

Treated Silica Gel 31.5 531.2
Calgon Activated Carbon 8.0

Treated Calgon Activated Carbon 28.7 258.7
Sud Chemie Molecular Sieve 13X 13.6

Treated Sud Chemie Molecular Sieve 13X 15.8 16.1

" the percentage sorbent capacity is the change of the treated support
compared to the baseline support.

According to Table 2, this amine treatment can be successfully
applied on a variety of oxygen rich solid substrates, such as, silica
gels, activated carbons, and molecular sieves. The CO, capture
capacities were improved for all of the solid substrates tested,
however, their performance were lower then the initial NETL fly ash
sample examined under these reaction conditions. It is also important
to point out that our current CO, capture experimental procedures are
based only on the chemical absorbed species; physical absorbed CO,
is purged from the surface prior to the desorption stage.
Consequently, additional work is required to refine the experimental
procedures (include the physical absorbed CO,) and to increase
capture capacities to the range of 800-1000 pumol/g, which will make
them competitive with existing technology. Presently, additional
materials with higher surface areas are being treated with this amine
process and will be reported in future publications.

CONCLUSION

The amine treatment process was successful in improving the CO,
capture capacities of these fly-ash carbon concentrates and oxygen
rich solid substrates. However, the performance of the regenerable
sorbents was only able to reach 18 % of the required CO, capture
capacity to make them competitive with the existing CO, sorbents.
Alternative low-cost, high surface oxygen-rich solid substrates and
CO, capture procedures are being examined and will be reported in
future publications.
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Introduction

The membrane separation for removal of carbon dioxide from
natural gas has advantages over the conventional separation methods
because of low capital, high-energy efficiency and the environmental
friends. Usually, the commercially available polymeric membranes
have either high permeability or high selectivity, but not both'.
However, facilitated transport membranes (including supported liquid
membranes (SLMs), ion-exchange membranes and fixed carrier
membranes) selectively permeate CO, by means of the reversible
reaction between CO, and the carriers in the membranes, so that they
possess high permeability as well as high selectivity. The fixed carrier
membranes are generally favorable compared with SLMs and
ion-exchange membranes for their superior durability.

In recent years, the fixed carrier membranes, especially the CO,
separation membranes with facilitated transport groups, amine moiety,
have been investigated extensively”™.

We think it is more beneficial for the facilitated transport of CO,
to introduce more kinds of carriers than one in a membrane. On the
basis of this idea, we developed two kinds of membrane materials
with second amine and carboxyl groups, the latter also acts as a
carrier of CO,, by the hydrolysis of polylvinylpyrrolidone(PVP) and
vinyl pyrrolidone-acrylamide copolymer respectively. Then, the fixed
carrier composite membranes with the materials for CO, separation
were prepared.

Experimental

Materials. The PVP was synthesized through radical
polymerization in 20% N-vinyl pyrrolidone aqueous solution by
using azobisisobutyronitrile(AIBN) (it was twice recrystallized from
ethanol) as the initiator at 60 °C in the inert atmosphere of nitrogen
gas’. The PVP was hydrolyzed in an alkali solution at boiling
temperature (scheme 1). The resulting polymer was precipitated by
using acetone, then the polymer was dissolved in water. This aqueous
solution was purified with ion-exchange resin to remove
low-molecular-weight impurities and the purified polymer solution
was used for membrane-casting.

The copolymer of N-Vinyl pyrrolidone and acrylamide(AAM)
was prepared as the same method, but the reaction temperature is
50°C. The hydrolysis and treatment are as above (scheme 2).

Analysis. The content of active carriers (second amine and
carboxyl groups) was measured by titration. The molecular weight of
resulting polymer was roughly obtained from the intrinsic viscosity.

Membrane preparation and evaluation. The purified polymer
solution was cast on a polysulfone(PS) support membrane by an
applicator to form composite membrane. The gas permeation
experiments were carried out by using a set of test cell. The effective
area of the composite membrane used in the test cell is 19.26 cm’.
Prior to contacting the membrane, both the feed and the sweep (H,)
gases were passed through gas bubblers containing water. The outlet
sweep gas composition was analyzed by a gas chromatography
equipped with a thermal conductivity detector (HP4890, Porapak N).
The fluxes of CO, and CH, were calculated from the sweep gas flow
rate and its composition. The permeance is defined as the flux
divided by the partial pressure difference between the upstream and

downstream sides of the membrane, R;=N;/AP,, and the selectivity
a was defined as the ratio of the CO, permeance to the CH,
permeance. The downstream pressure in our apparatus is one
atmosphere pressure.

Results and Discussion

Figures 1 and 2 show the effects of feed gas pressure on the
performances of the membrane (membrane material was prepared by
scheme 1). Both permeance of CO, and selectivity of CO,/CH,4
decrease with the raising of feed pressure. This is the characteristic of
the facilitated transport mechanism®. The facilitated transport
mechanism with the carriers of second amine and carboxyl groups is

as follow &7:

RNH(CH,);COO" + 2H,0 +2CO, ~~— 2HCOj; + RNH,"(CH,);COOH

“CCH=CHy >,
I\|IH
(CH)3

I
COO
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Figure 1. Effect of feed pressure on selectivity of CO, over

CH,4 by using pure gases respectively.
Membrane material: scheme 1.Testing temperature: 27°C.
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Figure 2. Effect of feed pressure on permeance by using
pure gases respectively.
Membrane material: scheme 1.Testing temperature: 27°C.

CO, is transformed into small and easy moving ion HCOj,
therefore, the transport of CO, is enhanced by the carriers. From the
standpoint of the membrane structure, the high polarity in the
membrane diminishes the solubility of non-polarity component (CHy),
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this is helpful to increase the CO, permeation and the selectivity of
CO, over CHy. Furthermore, the membrane is swollen by water and
forms gel. So that the diffusion coefficient is enhanced due to the
decrement of movement resistance. As a result, the membrane
possesses high CO, permeance and CO,/CH, selectivity which are
comparable with that of other fixed membranes in literatures™*.

Permeation of CH, is a simple solution-diffusion process. The
permeance of CH, decreases with increasing pressure, in accordance
with the “dual-mode” sorption model of gas permeation through
glassy polymers °.

The composite membrane performances were also investigated
by using mixed gases (50/50 vol% CO,/CH,4 mixture), as shown in
Figure 3 and Figure 4. From the Figures, it can be seen that the
selectivity of CO, over CH,4 and permeance of CO, are not as good as
in Figures 1 and 2. The reason may be the coupling effects between
COZ and CH4
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Figure 3. Effect of feed pressure on selectivity by using mixed gas.
Membrane material: scheme 1.Testing temperature: 27°C.
Feed gas: 50 vol% CO,+50 vol% CH,.
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Figure 4. Effect of feed pressure on permeance by using mixed gas.
Membrane material: scheme 1.Testing temperature: 27°C.
Feed gas: 50 vol% CO,+50 vol% CH,.

The performances of the composite membrane which was
prepared by scheme 2 were also investigated with mixed gas (50/50
vol% CO,/CH,4 mixture), as shown in Figure 5 and Figure 6. From
the results, it can be seen that the membrane possesses better

permselectiviy and it is accordance with the facilitated transport
mechanism.
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Figure 5. Effect of feed pressure on selectivity by using mixed gas.
Membrane material: scheme 2. NVP: AAM =70:30(mass). Testing
temperature: 20°C. Feed gas: 50 vol% CO,+50 vol% CH,
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Figure 6. Effect of feed pressure on permeance by using mixed gas.
Membrane material: scheme 2. NVP: AAM =70:30(mass). Testing
temperature: 20°C. Feed gas: 50 vol% CO,+50 vol% CH,4
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Introduction

Fossil fuel and land use change have increased the atmospheric
content of CO, and other greenhouse gases that may be impacting
climatic change. Enhanced terrestrial uptake of CO, during this
century has been suggested as a way to reclaim the 150 or more
gigatons of carbon (Gt C) lost to the atmosphere from vegetation and
soil as a consequence of land use change, thus effectively “buying
time” for development and implementation of long term technical
solutions, such as C-free fuels (1). However, the true potential for C
sequestration is unknown because of inadequate understanding of
biogeochemical, microbial and plant processes responsible for
ecosystem storage, particularly as they influence storage in soils,
which account for two-thirds of global terrestrial organic C stocks.
Technical issues associated with measurement, leakage and longevity
need resolution. This presentation considers current understanding of
ecosystem potential and innovative technology and addresses key
scientific issues related to enhancing C sequestration potential through
ecosystem management.

Ecosystem Sequestration Potential

Land use options for enhanced C sequestration at the landscape
and regional scales include protection and selective management of
native ecosystems, and use of appropriate and advanced management
practices in manipulated ecosystems. Table 1 includes estimates of
sequestration potential for major ecosystems. Sustained, long-term
annual sequestration of more than 5 Gt C is speculative, of course,
given that terrestrial systems today sequester only about half this
amount, with the exact amount being uncertain (1).

because of inadequate baseline inventories. However, an analysis of
the U.S. potential for soil C sequestration can be made (Table 2).
Based on such information, conclusions regarding C sequestration
potential of managed systems should be applicable wherever in the
world local land use and economic conditions are known.

Table 2. Annual U.S. potential for C sequestration from managed forests,
arable lands and pastures (2).

Average C sequestration

Low estimate High estimate
---Pg C/ year -
Forestry
Converting marginal crop/pasture to forest 0.033 0.119
Increasing timber growth on timber land 0.138 0.190
Growing short-rotation woody crops for energy 0.091 0.180
Increasing tree numbers/canopy cover in urban 0.011 0.034
areas
Planting trees in shelter belts 0.003 0.006
Subtotal 0.276 0.529
Arable land
Cropland conversion to CRP (excluding agroforestry) 0.006 0.014
Soil restoration (eroded land, mine land, salt 0.011 0.025
affected soil)
Conservation tillage/residue management 0.035 0.107
Better cropping systems (fertilizer, cover crops, 0.024 0.063
manure)
Subtotal 0.075 0.208
Total managed forests, arable land, pastures 0.351 0.737

Ecosystem Primary Method to Increase CS* Pote) CS (GtCly
Agricultural lands Management (H) |

Biomass crop lands Manipulation (H)

Grasslands Management (M)

Rangelands Management (M)

Forests Management (M)

Wetlands Restoration and maintenance (M) 0.1-0.2
Urban forest and grass lands Creation and maintenance (M) <0.1
Deserts & Degraded lands Manipulation (H) 0.8-1.3
Sediments and aquatic systems Protection (L) 0.6-1.5
Tundra and taiga Protection (L) 0.1-0.3
TOTAL ~55-8.7

Table 1. Sustained Terrestrial C Sequestration Potential.
*The primary C sequestration method is rated with High (H), Medium (M), and

Low (L) levels of sustained management intensity required over the long term.
Global potential C sequestration (CS) rates were estimated that might be
sustained over a period of up to 50 years (2).

Sequestration Potential In Managed Ecosystems

Enhancing terrestrial C sequestration with proven management
practices includes converting marginal land to productive grassland or
forest, increasing productivity on crop and forest land with residue
management, reduced C loss with modified tillage practices, the
efficient use of fertilizer, pesticide, and water, and other technologies.
It is difficult to estimate global C sequestration enhancement potential

Enhanced C sequestration in managed lands aims to increase the
productivity of crop and forestland. In agriculture, adoption of
conservation tillage practices is a viable mechanism that also reduces
erosion, increases soil aggregation, and lessens loss of SOM to
microbial oxidation (3). The C sequestration potential of the combined
practices of no-till, mulch, and ridge tillage was estimated to be 14.1 x
10° MT (0.014 Gt) Clyr, with associated savings in fossil fuel
equivalent to 1.6 x 10® MT C/yr. In addition, managing crop residues
from these systems may sequester another 22.5 x 10® MT C/yr. As of
1997, 37% of all U.S. cropland was under some form of conservation
tillage (3).

The U.S. Forest Service has estimated that 85 Mha of forested land
has the potential to increase production through regeneration and
stocking control. For an economic constraint of 4% annual return on
investment, much of this area could sequester 0.138 Gt C/yr under
appropriate management. If all timberlands were managed for C
sequestration, the potential might increase to 0.19 Gt C/yr. Another
strategy for sequestrating C is the conversion or reallocation of
agricultural land to woody crops. Wright et al. (4) estimated that
between 14-and-28 Mha of cropland are suitable for woody biomass
species with a sequestration potential of between 0.09 to 0.18 Gt
Clyr.

Worldwide, temperate grasslands may also be significant. To enhance
production and sequestration, it is necessary to manage these lands
more closely, with one option being N fertilization. However,
grasslands have an inherent capacity to emit N,O, a strong greenhouse
gas. Thus, a comprehensive accounting that includes all greenhouse
gas emissions and the C cost of fertilizer production and application is
needed to evaluate net sequestration benefits.

Degraded lands also represent some potential for C sequestration.
Worldwide, there are approximately 1965 x 10° ha of degraded soils;
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4% from physical degradation, 56% from water erosion, 28% from
wind erosion, and 12% from chemical degradation. With proper
management this represents a potential to sequester between 0.81 and
1.03 Gt Clyr. (5).

New Technology for Terrestrial Carbon Sequestration

Science and technology that might drive enhanced terrestrial C
sequestration includes (a) technology for soil, crop and forest
management, (b) exploitation of underutilized land resources and
existing biodiversity, (c¢) plant biotechnology, (d) microbial
biotechnology, and (e) innovative chemical technology. Included is
precision agriculture applied to food crops and forestry; i.e., sensor
technology, aerial and satellite imaging “just in time” irrigation,
fertilization, and other, yet-to-be identified innovations.

Science Needs
There are many fundamental knowledge gaps in our

understanding of terrestrial C sequestration needed to identify,

develop and implement new sequestration technology. Research

efforts to improve basic understanding can be addressed in the context

of a primary set of overarching questions in need of resolution:

e How can we best reduce the large uncertainties in global
terrestrial C inventories?

e Are native ecosystem C sequestration capacities equivalent to
their maximum carrying capacities?

e s historic storage capacity of terrestrial systems equivalent to
maximum inherent capacity?

e What will be the effects of climate change?
How can ancillary benefits and risks of enhanced C sequestration
be adequately quantified?

e  What is the potential for plant and microbial biology in the post-
genome era to impact C sequestration?

Summary

Storage of C in soils and plants has the potential to offset CO,
emissions to the atmosphere in the coming decades while new “clean”
energy production and CO, sequestration technologies are developed
and deployed. Because they are economically important, have a rich
history of directed research and can be most easily managed, forests
and croplands are best suited for application of existing and new
technology to enhance terrestrial C sequestration in the near term.
Nonetheless, estimates of the potential for enhanced C storage, even
in the United States, vary more than two-fold. In addition to proven
management approaches, new management, chemical, and biological
technology have the potential to impact C storage. What is needed is
basic research to improve our fundamental understanding of natural
phenomena controlling soil C sequestration and basic and applied
research and development to bring new management and technology
to the challenge.
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Concerns about potentia effects of rising carbon dioxide levelsin the
atmosphere have stimulated interest in a number of carbon dioxide
sequestration studies. One suggestion is the sequestration of carbon
dioxide as clathrate hydrates by injection of carbon dioxide into
methane hydrates. Energy-supply research estimates indicate that
natural gas hydrates in arctic and sub-seafloor formations contain more
energy than all other fossil fuel deposits combined. The smultaneous
sequestration of carbon dioxide into deposits of natural gas hydrates, if
possible, represents a potentidly efficient and cost effective option for
the sequestration of carbon dioxide.

Data in the literature show that the conversion of bulk methane hydrate
into carbon dioxide hydrate is thermodynamically favored. These results
are not directly applicable to naturally occurring hydrates, because the
hydrates in these locations are embedded in sediments. In addition,
naturally occurring hydrates are normally made up of mixtures of
natural gases, often predominately methane. The thermodynamics of
any potential conversion of hydrates involving methane to carbon
dioxide hydrate would therefore be affected by the size of the poresin
which the conversion would take place, as well as the composition of
the gas. We have developed a model that can be used to interpret or
predict hydrate formation in porous media for any pore size distribution,
allowing for the calculation of the heats of formation of these hydrates
in porous media as a function of pore size and temperature. These
results are applied to mixtures of methane and carbon dioxide. This
alows for a preliminary assessment of the thermodynamic feasibility of
converting hydrates formed from methane to carbon dioxide hydrate in
porous media involving various size pores.

Introduction

The build up of carbon dioxide in the atmosphere has become
of great interest due to the potential of this gas to play an important role
in greenhouse effects, and its reported potentia to induce global
warming on the order of 2 —5K over the next century’. As aresult of
these concerns, researchers have suggested various methods to
sequester carbon dioxide in order to remove it from the atmosphere.
One sequestration scheme? is the injection of carbon dioxide into
methane hydrate deposits, which it is suggested could result in the
simultaneous sequestration of the carbon dioxide and the liberation of
methane (which could then be collected and used as a clean fuel). Gas
hydrates are crystalline structures that involve a lattice made up of
hydrogen-bonded water molecules. This lattice includes cavities that
can be occupied by gas molecules. Gas hydrates (such as methane
hydrate) form under low temperature — high pressure conditions, both
above and below the freezing point of water. Due to the large size of
naturally occurring methane hydrate deposits, this represents a vast
potential supply of methane. The smultaneous sequestration of carbon
dioxide and liberation of methane represents a potentially cost-effective
sequestration scheme for carbon dioxide. Since much of the worlds
naturally occurring methane hydrates are in sediments below the ocean
floors or in permafrost regions, it is necessary to consider the effects of
porous media on the formation of gas hydrates.

Studies by Makogon® in sandstones suggested that the pressure
required for hydrate formation increased as the pore size was
decreased. Differences in chemical potentials and interfacial forces
between the bulk and pore water affect hydrate formation in pores.
Handa and Stupin® studied methane and propane hydrates in silica gel
of 7.5 nm nominal pore radius, and Uchida et a.® investigated the
properties of methane hydrate in three porous Vycor glass samples
with pore radii of 25 nm, 15 nm, and 5 nm. In arecent work® the
authors presented measurements for propane hydrate formation in silica
gels of nomina pore radii of 7.5 nm, 5.0 nm, 3.0 nm, and 2.0 nm.
Injection of carbon dioxide into methane hydrate deposits with the
subsequent sequestration of the carbon dioxide and liberation of the
methane would result in hydrates in equilibrium with a mixture of free
carbon dioxide and methane. No results for hydratesin porous media
formed from gas mixtures have been reported in the literature. In this
work we consider the prediction of the equilibrium pressure for
mixtures of methane and carbon dioxide in porous media based on a
statigtical thermodynamic moddl. The model is then used to etimate
enthapies of dissociation of hydrates formed from mixtures of carbon
dioxide and methane in porous media

Model Description
Munck et a.” presented asingle equation involving T ' and P ' (the

temperature and pressure under which the hydrate forms) that can be
used to predict hydrate formation conditions under bulk conditions. This
equation can be written as

pmy T DH b oy
- O—dT+ o—=2dP- In(g, X, )+&h; In(1- &,7;;)=0
RTo 1, RT? o RT i

@

Ineq (1), T =(Tp +T)/2, Ty isthe temperature of the standard

reference state (T = 273.15K, P=0), Dn‘é)y isthe chemical potential
difference between the empty hydrate |attice and pure water in the
reference state, h; istheratio of the number of cavities of typei to the
number of water molecules in the hydrate lattice, and ¥, denotes the
probability of a cavity of type i being occupied by the guest molecule.
The probability Y; isgiven in terms of the fugacity of the hydrate guest
in the gaseous state ( f; ) and the Langmuir adsorption constant ( C; )
by Y =Cpifi [(1+8 ;C}; ;) . Additionally,

DH y;, = DH ) + DCY (T9(T - Tp) , where DH ) is areference
enthalpy difference between the empty hydrate lattice and the pure
water phase at the reference temperature, DCI(,) is the reference heat

capecity difference, and DV, isthe volume difference between the
empty hydrate and pure water (at 7 ), and is assumed constant. Also

note that the values used for DCS , DH SV ,and DV}, depend on

whether the equilibrium involves liquid or solid water. In thiswork, the
temperature dependence of the Langmuir constants will be accounted
for by using the form presented by Munck et al.” This form is given by
Cri = (41 T)exp(By;/T), where 4; and B, are experimentally fit
parameters, and are dependent on which guest molecule is present, as
well as which of the hydrate structuresis formed. To consider hydrate
formation in porous media, eg. (1) must be modified to include the
effect of the relevant interface on the activity of the water. After
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making the necessary modifications in the region where the equilibria
involve liquid water, eq. (1) becomes®

pmy ' DH P oy
- 0—24T+ o —2dP- Ing,, X,)+&h; Inl- &, 7)
RTo 1, RT? o RT i
+V ZCOS(C])S hw _
, 20 hw
RT,I"

Ineq. (2), VL is the molar volume of water in the pure water state,

e isthe contact angle between the aqueous phase and the hydrate,
S n iSthe surface tension between the aqueous and hydrate phases

(taken as 0.0267 Jnt as given by Clenndll et al®), and r is the radius of
the pores in the porous medium. Eq. (2) can be used for al
temperatures above the ice point of water in the corresponding pore of
radius r. Below the ice point one recovers eg. (1) since the current
model assumes there are no surface effects between ice and hydrate.

Results and Discussion

Figure 1a shows the results of using eg. (1) to predict the hydrate
equilibrium pressure for bulk mixtures of methane and carbon dioxide.
Also shown in the Figure are the experimental data given in Sloan.™®
We note that dl of the experimenta data are in the liquid water region,
and involve Structure | hydrates. We also note that for temperatures
dightly above those depicted in Fig 1a as part of the calculated surface,
the mixture involves liquid carbon dioxide, and the predictions become
less accurate.

Surfaces similar to Fig. 1a can be constructed using eq. (2) for hydrate
formation in porous media. For example, Figure 1b shows the results
for pore radii of 3, 6, and 9 nm. The upper right hand corner of Fig. 1b
shows a dramatic change in dope in the logarithm of the equilibrium
pressure, due to the effects of the magnitude of the pressure on the
state of the carbon dioxide involved in the equilibria. Also note the non-
linearity of the surface in Fig. 1b for larger temperatures (and therefore
pressures), which indicates the changing character of the carbon
dioxide involved in the equilibria.

The equilibrium pressure of mixtures in porous mediais a function of 3
variables (temperature, mole fraction, and pore radius). As aresult, one
can examine cross-sections of the 3 dimensional surface (which liesin
a4 dimendona space) other than the one shown in Fig. 1b. For
example, in Figure 2 the logarithm of the equilibrium pressure is shown
asafunction of T and Ur for five values (0.0, 0.25, 0.5, 0.75, and 1.0)
of the mole fraction of carbon dioxide in the mixtures. Due to the higher
hydrate equilibrium pressure in porous media, changes in the state of
the carbon dioxide in the mixture take place at lower temperatures than
they do in the bulk. This can lead to different types of equilibria taking
place at the same temperature in different size pores in the porous
media. Fig. 2a shows the surfaces for pressures where both
components (CO, and CH,4) remain in gaseous form. We note that as
the mole fraction of CO, increases, the equilibrium pressure decreases
due to the lower equilibrium pressure for hydrates formed from pure
gaseous CO,, as compared to that of those formed from pure gaseous
CH,. Higher temperatures and/or smaller pore sizes result in higher
equilibrium pressures. At some of these higher pressures CO; liquefies.
Due to the larger equilibrium pressure for hydrates formed from liquid
CO; as compared to those for hydrates formed from either gaseous
CH, or gaseous carbon dioxide, equilibriainvolving liquid CO2 have
significantly higher equilibrium pressures. Under conditions where
either the temperature is high enough or the pore size is smal enough,

)

mixtures with larger mole fractions of CO, have higher equilibrium
pressures than pure methane hydrates (as seen in Fig. 2b), suggesting
the presence of liquid carbon dioxide. In addition to the limitations of
cdculaionsinvolving liquefied components, the form of the Langmuir
constants employed here may not be as accurate as more complicated
forms. This potential source of inaccuracy will be investigated in future
work.

Asis made clear from these preliminary results, the evaluation of the
potentia sequestration of carbon dioxide by injection into sediment
deposits containing methane hydrates may require accurate methods of
predicting hydrate equilibrium pressures when the mixtures involve
liquid carbon dioxide and gaseous methane. Since the determination of
liquid phase dengities and fugacities can
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Figure 1. (a) Surface showing predicted equilibrium pressures for
CO,/CH, mixtures and experimental data for bulk hydrate

formation. (b) Caculated surfaces for equilibrium pressures for
CO,/CH,4 mixtures in porous media with pore radii of 3, 6, or 9 nm.

involve larger errors than those for the gaseous phase™® great care
must be taken in developing such predictions.

In addition to calculating the equilibrium pressure, eg. (2) can be used
aong with the Clausius-Clapeyron equation

d(InP))!d(yT) = - DH/zR to estimate the enthalpy of formation

of mixtures of carbon dioxide and methane in porous media. In the
above equation, z is the gas compressihility, and is calculated using
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Figure 2. Calculated surfaces for equilibrium pressures for CO./CH,4
mixtures having CO, mole fractions of 0.0, 0.25, 0.5, 0.75, and 1.0 in
porous media.

the Soave-Redlich-Kwong equation of state. Figure 3a showsthe
results of calculation of the enthalpy of dissociation for mixtures of

carbon dioxide and methane in a porous medium containing pores with
5 nm radii. Results from Figure 3a for atemperature of 273.2 K are
shown in Fig. 3b, dong with the results for pores having a 3 nm radius
and for bulk caculations (dotted trace). We note that the very rapid
changes evident in Figs 2 and 3 for pure CO, (amole fraction of 1.0)
are due to its liquefaction (due to the larger equilibrium pressures
necessary in porous media). The calculations presented here for
hydrate formation involving liquefied states may have more limitations
than do those only involving gases, and as such these preliminary results
will only be examined from a qualitative standpoint at thistime. The
difference between the enthalpy of dissociation in porous media and
that in the bulk for a mixture with a mole fraction of 0.2 or greater
seems to increase as the pore size decreases. For mole fractions below
this there seems to be a more complicated behavior. This suggests that
CO; sequedtration in porous media via conversion of methane hydrate
into CO, hydrate may be even more favored, thermodynamically, than
it isin the bulk. While intriguing, quantitative interpretation of these
results will require further investigation.
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Figure 3. (a) Cdculated surface showing the enthalpy of dissociation
for CO,/CH,4 mixtures in a porous medium having pore radii of 5.0 nm.
(b) The enthalpy of dissociation at 273.2 K as a function of the mole
fraction of carbon dioxide for the bulk (dotted trace) as well as in
porous mediawith 3 and 5 nm pores.
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