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Monitoring Dissolved Carbon Dioxide and Methane
in Brine Environments at High Pressure using IR-
ATR Spectroscopy

Thomas Schidle?, Bobby Pejcic®, Boris Mizaikoff '

Obtaining in situ information of greenhouse gases arising from deepwater environments is a challenge
that has not been satisfactorily resolved to date. An infrared attenuated total reflection (IR-ATR) based
on-line sensor system for detecting, monitoring, and differentiating carbon dioxide and methane in
dissolved and gaseous states at different pressures (i.e., up to 6 MPa) in saline aquifer and/or synthetic
brine environments is presented. It is demonstrated that the detection of dissolved CO, next to **CO,
and methane at pressurized conditions is possible at saline downhole conditions, and that gaseous vs.
dissolved states of methane and CO, in aqueous environments may be differentiated using IR-ATR
sensing techniques. Finally, it is shown for the first time that there are observable changes associated
with distinctive infrared signatures of methane at the conditions of greenhouse gas storage
mechanisms. This is of particular importance for advancing carbon capture and storage processes and
fundamentally understanding the impact of emissions during the extraction of fossil-based fuels (i.e.,

shale, petroleum, etc.) from offshore environments.
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An IR-ATR based on-line sensor system for monitoring
greenhouse gases in brine environments is demonstrated. It is
shown for the first time that there are evident changes of
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particular relevance for understanding the subsurface behaviour
of such gases after injection during carbon capture and storage
(CCS) processes.
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Introduction

This journal is © The Royal Society of Chemistry 2013

In natural or artificial reservoirs, gases such as carbon dioxide
or methane are usually in contact with aqueous environments.'
The solubility of such gases in water is an important issue from
an environmental perspective due to regulatory restrictions
imposed on the hydrocarbon content in surface and ground
waters. However, gas solubility data for most relevant reservoir
gases as well as for volatile hydrocarbons at elevated pressure
conditions and low temperatures (T < 298.15K) are scarcely
reviewed to date. Consequently, the influence of such
greenhouse gases and contaminants on ground water resources
and aquifer systems is a topic of increasing global awareness.

The ocean plays an important role in exchanging and regulating
gas levels in the biosphere. Recently, artificial reservoirs
particularly in the tropics have been identified as significant
contributors of CO, and CH, in the atmosphere“. The Petit
Saut hydroelectric reservoir at the Sinnamary River in French
Guiana is a typical example of a human-induced modification
of the continental surface that has significantly changed the
CO, and CH, exchange with the atmosphere4. Due to the
microbial decomposition of flooded biomass primarily
composed of tropical forest, this reservoir emits substantial
amounts of CO, and CH, into the atmosphere’. Hence, various
strategies including carbon capture and storage (CCS) aim at
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preventing a more widespread dissemination of such gases. In
order to decrease such human-induced contributions to
atmospheric pollution, while at the same time potentially
facilitating oil recovery, CCS or core flooding methods are
investigated based on gas injection into saline reservoirs®’. As
these sequestration strategies aim at reducing greenhouse gas
emissions by capturing and diverting them to a secure storage
location, CO, is predominantly sequestered into geological
formations via solubility trapping into the water phase of the
otherwise solid formation ®.

These storage mechanisms lead to the inclusion of gaseous CO,
trapped within the pore spaces, dissolution within the water
phase, and long-term conversion of CO, into solid rock matrix’.
Deep saline aquifers in sedimentary basins are potential sites
for such sequestration strategies for CO,. Such brine formations
are the most common fluid reservoirs in the subsurface region
prevalent around the world. Flow systems that involve water,
CO,, and dissolved ions have been extensively studied in
geothermal reservoir engineering'®''. Hence, the development
of robust on-line monitoring technologies facilitating advanced
understanding on subsurface fluid and dissolution behaviour
related to injected and stored gases in aqueous environments is
demanded.

To date, various sensor technologies have been developed
enabling monitoring of marine and downhole environments'?.
Concurrently, such sensing concepts are potentially equally
suited as promising monitoring tools for gas dissolution
monitoring scenarios. However, most sensor technologies
reported to date are based on conventional laboratory
equipment and analysis strategies rather than providing reliable
devices suitable for in-field monitoring at the injection
conditions of such gases into adequate storage compartments.
Mid-infrared (MIR) spectroscopy takes advantage of molecular
vibration patterns at distinctive frequencies providing unique
fingerprints of organic and inorganic molecules. Especially,
infrared attenuated total reflection (IR-ATR) sensing techniques
that are significantly less affected by interferences due to
background absorptions of e.g., water appear ideally suited for
studies in such aqueous environments, and have therefore
recently emerged among the most promising in-field sensor
technology for the detection of volatile organic constituents
(VOCs) resulting from crude oil or refined product spillage'?
and chemical tracer molecules'®. Moreover, spectroscopic
techniques are particularly suited for investigating dynamic
process, which enables additional insight on potentially relevant
molecular interactions'>'®.

In the present study, we have developed an IR-ATR on-line
sensor system for detecting and differentiating carbon dioxide
in dissolved and gaseous states at different pressures (i.e., up to
6 MPa), which simultaneously facilitates methane detection. It
is demonstrated that the quantitative detection of dissolved CO,
next to '*CO, as well as dissolved methane at pressurized
conditions is possible, and that gaseous vs. dissolved states of
such gases in water may be differentiated. Using IR-ATR
sensing techniques provides the basis for particularly robust,
and highly miniaturizable sensing techniques that are readily
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adaptable for in-field applications at harsh environmental
conditions. The geothermal studies performed to date mostly
address higher temperatures and lower CO, pressures than
would be encountered during aquifer disposal of sequestered
CO,. Consequently, the present work focuses on temperature
and pressure ranges above and beyond these reported values, as
they have not been covered by previous work to the best of our
knowledge.

Instrumentation and Data Processing

A high pressure IR-ATR setup was realized combining the
JetStream Circle Cell (Pike Technologies, Cottonwood, United
States) with a Swagelok™ connection to a gas-mixing/inlet
system that is capable of handling 6 MPa of pressure. The
pressure cell containing the ATR setup is made of stainless
steel. A cylindrical ZnSe rod (approx. 82x6.4mm in
dimensions) providing 12 internal reflections with an incident
angle of 45° was used as the internal reflection element (IRE).
The IRE is sealed with nitric butadiene rubber o-rings to the
end caps of the pressure cell and is fully surrounded by the
brine matrix.

gas mixing inlet and
pressure control
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Figure 1. Schematic of the experimental setup including a high pressure IR-ATR
system combined with a gas-mixing/inlet system.

The examined gases (CO,, *CO,, CH,) were directly injected
into the sample chamber filled with the artificial saline solution
(1.5mL sample volume) via the inlet valves of the gas mixing
system. IR spectra were immediately recorded after opening the
inlet valves in order to monitor the entire dissolution process of
the gases, until equilibrium of the dissolution process was
reached (i.e. no further changes in the IR signatures
observable). Equilibrium conditions at elevated pressures were
typically reached after a time period of 10 min. No further
pumping system was needed to observe the dissolution process
of these gases until equilibrium conditions.

IR-ATR spectra were recorded using a Bruker Vertex 70 FTIR
spectrometer (Bruker Optics, Ettlingen, Germany) equipped
with a liquid nitrogen cooled mercury-cadmium-telluride
detector (MCT, Infrared Associates, Stuart/FL, United States).
Spectral data were processed using the ‘Essential FTIR’
software package. Infrared absorption features were evaluated

This journal is © The Royal Society of Chemistry 2012
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via peak area analysis. For each measurement, 100 spectra were
averaged at a spectral resolution of 0.5 cm’'.

Results and Discussion

Monitoring of CO,, *CO,, and CH, Dissolved in Synthetic Brine

To successfully monitor the behaviour of different gases in
aqueous environments, it is anticipated that the respective IR
absorption signatures are clearly discernible and spectrally
sufficiently separated, thereby avoiding interferences among
their individual gas absorption signatures and the background
matrix. Figure 2 shows an example of the absorption signatures
of CO,, *CO,, and CH, in water after the dissolution process of
these gases has reached equilibrium between gaseous and
dissolved states. The spectra were recorded against the
synthetic brine matrix as background at 4 MPa of pressure with
all gas valves opened simultaneously.

0,15 dissolved CO,
(2342 cm™)
0104 dissolved 13COz
' (2277 cm™)
CH, CH4
0.054(3016 cm™) (1304 cm™)

Absorbance (a.u.)

'0105 T T T T T T T T T 1
3000 2800 2600 2400 2200 2000 1800 1600 1400 1200

Wavenumber (cm™)

Figure 2. IR-ATR Spectra of dissolved greenhouse gases in aqueous environment
(i.e., synthetic brine). The recorded spectrum shows the characteristic
absorption features of CH,; next to CO, and 13COZ dissolved in water recorded at
4 MPa of pressure and with 1 cm™ spectral resolution, and an estimated
concentration of 900 ppm (CH4) and 5000 ppm (CO5).

From the recorded IR spectra it is evident that the IR signatures
of dissolved CO, at 2343 cm’, dissolved *CO, at 2277 cm’,
and methane at either 3016 cm™ or 1304 cm™ are clearly
evident and sufficiently separated for enabling simultaneous
detection and quantification of all three components side-by-
side within the same sample solution. This is of particular
importance for directly monitoring the behaviour and solution
states of the different gases in saline water and downhole
environments where carbon capture and storage is of interest
and monitoring of several relevant constituents is required. The
negative absorbance of the water band at 1620 cm™ results from
changes in the background spectrum due to injection of yet
undissolved gases that were not present in the background
spectra therefore causing negative absorbances by pushing
water away from the IRE surface prior to dissolution. Water
also usually shows a strong absorption feature at around 3000

This journal is © The Royal Society of Chemistry 2012
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cm’!, which may lead to interferences with the methane 3016
cm’' signature during long term monitoring of such dynamic
processes. This is the reason why the methane 1304 cm’
absorbance is used for further examination in this study.

Dissolved CO, and *CO; in Saline Environments at Elevated
Pressures

The typical absorption signature of gaseous CO, (2365 cm’
and 2333 cm'l) shifts to 2343 cm’™, if CO, dissolves in water.
Since the solubility of CO, in water is pressure dependent,
more CO, will dissolve at higher pressures. At slightly
increased pressures (i.e., up to approx. 0.6 MPa), the
dissolution process from CO,(g) to CO,(aq) can actually be
directly observed via the IR signatures of CO,, as indicated by
the arrows in Figure 3.

0,084

Bco

—— 1 min

2 (aq)

0,06

0,04 +

Absorbance (a.u.)

0,02

0,00

T T T T T T 1
2400 2380 2360 2340 2320 2300 2280 2260 2240 2220 2200

Wavenumber (cm™')

Figure 3. Dissolution of CO, and 13COZ in water over a period of 10 min. IR-ATR
spectra were recorded at 0.5 cm™ spectral resolution and at a pressure of
0.6 MPa.

Increasing the pressure from ambient conditions (0.1 MPa) to
0.6 MPa to dissolve more CO, in water results in a distinct
increase of the absorption bands from CO,(aq) at 2343 cm™', as
evident in Figure 3. The light grey line represents the
background absorption prior to the CO, injection into the IR-
ATR sample cell. After 1 min (red line) of CO, injection at 0.6
MPa, both the CO,(g) and CO,(aq) signatures are already
evident and clearly discernible. After 2 minutes (green line), a
small increase in CO,(g) is observable until all COy(g)
according to the respective pressure value is evenly distributed
within the sample chamber. Already after 3 minutes (green to
blue line), the CO,(g) signature decreases in intensity, whereas
the intensity of the CO,(aq) absorption band at 2343 cm™
increases until saturation is reached (black line). After 10
minutes, no more changes in signal intensities could be
observed leading to the assumption of equilibrium conditions
within the sample cell.

Similar to dissolved CO, at 2343 cm™ | its natural occurring
isotope '’CO, shows a distinctive absorption feature, if
dissolved in water. However, the absorption feature of
dissolved '*CO, appears in the spectral range around 2277 cm™,
thereby revealing a significant shift to lower wavenumbers of

J. Name., 2012, 00, 1-3 | 3
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65 cm’' compared to the absorption signature of dissolved CO,
located at 2343 cm’. This readily enables the direct evaluation
— and discrimination - of dissolved >CO, next to 2CO,, which
is particularly relevant for monitoring the behaviour of CO, at
extreme conditions when injected together with *CO, serving
for example as a tracer molecule for carbon capture and storage
processes'’. The increase in absorption intensity with increasing
pressure for *CO, is shown in detail in Figure 4. The spectra
represent the absorption signature of '*CO, after reaching
equilibrium conditions (10-15 min) at the respective pressures.

1,14 13 -1 = MPa
CO 2277 cm
1.0 2 ¢ ) - - -2MPa
/
0.9 \ — =6MPa

Absorbance (a.u.)

il T T T T 1
2320 2300 2280 2260 2240 2220
-
Wavenumber (cm™)

Figure 4. IR Spectra of '3CO, dissolved in water at different pressures. Dissolved
BCO, shows a distinctive absorption feature at 2277 em™.

Methane Dissolved in Water at Elevated Pressures

The solubility of methane in water is a function of
temperature and pressure. At ambient conditions, methane
dissolves only slowly in water. Hence, by simply bubbling
gaseous methane through water a less-than-measurable amount
of methane (< 20 ppm at 20 °C) is dissolved at ambient
conditions'®.

However, with temperatures approaching 0° C, higher salinity,
and increasing pressure as present in deep sea environments,
the solubility of methane is significantly increased'’. Using the
high pressure IR-ATR sensing system herein, methane in water
was clearly detectable when increasing the pressure from 0.1
MPa (ambient conditions) to 0.4 MPa after manual baseline
correction in the spectral region from 1320-1280 cm™. During
the change of the pressure conditions, methane shows a minute
shift to lower wavenumbers (approx. 2.5 cm™) of its absorbance
maximum in the MIR, as shown in Figure 5. At low pressures
(i.e., 0.4 MPa), the maximum of the methane absorption feature
appears at
1305.5 cm™', with a second local maximum evident as a peak-
shoulder at 1303 cm™'. With increasing pressure, the absorption
maximum is shifted to 1303 c¢cm™. This shift may indicate the
solution process of methane in water, as a shift of a vibrational
absorption feature in the IR spectrum is usually related to a
change of the force constant of the observed bond, which may
be attributed to the formation of a hydration shell during the
dissolution process

4| J. Name., 2012, 00, 1-3

CHy(g) —» CHy(aq)

However, the critical pressure for methane is 4.6 MPa, and
close to this pressure regime the solubility of methane in water
no longer follows a linear behavior'®, which reflects in the non-
linear absorbance intensity changes evident in the spectra
recorded > 4 MPa (orange and violet lines).

1305.5 cm’!
1303 cm!

——0.4 MPa
0,05

0,044

0,034

0,02

Absorbance (a.u.)

0,01 4

1315 1310 1305 1300 1295 1290

Wavenumber (cm™)

Figure 5. Wavenumber shift of the main methane absorption at increasing

pressure conditions covering a concentration range of approx. 200-1000 ppm.

The spectra were recorded by averaging 100 scans at a spectral resolution of 0.5
-1

cm.

For a more precise examination of this effect occurring during
the dissolution process, an experiment was performed with the
sample chamber of the IR-ATR system filled only with gaseous
methane for comparing the IR signatures of gaseous and
dissolved methane at similar conditions (i.e., 21°C, 4 MPa of
pressure). The resulting IR spectra are illustrated in Figure 6.

0,06
0,05 4
—CH, (9)
~ 0044 — CH, (aq)
5
G
3 0,03
f=]
3
§ 0,02 4
£
<
0,014
0,00
T T T T 1
1315 1310 1305 1300 1295 1290

Wavenumber (cm™)

Figure 6. IR spectra of dissolved (red line) and gaseous (black line) CH, in water.
The spectra were recorded at 4.5 MPa averaging 100 scans at a spectral
resolution of 0.5 cm™.

The IR spectra of CHy(g) (black line) and CHy(aq) (red line)
clearly reveal the difference in absorption maxima of methane
in gaseous and dissolved state close to the critical pressure
point. Gaseous methane shows no shift in peak intensity at
pressures beneath the critical pressure, as compared to methane
dissolved in a saline water matrix. Since the critical temperature

This journal is © The Royal Society of Chemistry 2012
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for methane is set at 190K, methane becomes supercritical
beyond this limit and no discernible changes of the absorption
features are evident. The IR signature of CH, in supercritical
state is provided in Figure 7.

1305,5 cm™
%07 1303 cm”
0,06+ 7IN —2MPa
supercritical CH,  {, | \ - - -4MPa
7 fo o — -6MPa
) I . . \
;; 0,04 ] '.
(5] 5 .
% 0,03 dissolved CH, /.
g 0,02 L.
o~ /
0,014
0,00

T T 1
1310 1300 1290
Wavenumber (cm™)

Figure 7. IR spectra of dissolved and supercritical CH, in brine. The spectra were
recorded averaging 100 scans at a spectral resolution of 0.5 cm™.

Figure 7 clearly discriminates the different states of methane in
aqueous environments via their IR signatures. The solid black
line refers to dissolved CH,, whereas the dashed lines refer to
supercritical CH, in water with the absorption maximum at
1303 c¢cm™'. Hence, this shift in peak maximum enables the
determination whether CH,; may be stored in supercritical or
dissolved state, if injected into saline reservoirs at high pressure
conditions, which is of particular relevance for on-line
monitoring purposes.

Multivariate Data Analysis and Sensor Calibration

Various models have been established for determining the
dissolution processes of gases in aqueous environments. Most
of these models are highly sophisticated and combine
approximations of different theoretical models for simulating
the physics that are involved in such complex gas-liquid
systems. To date, there is no physical equation established that
multi-component dissolution processes at high
pressures, which renders quantitative calibrations for such
scenarios an intricate task.

As a potential solution for data sets with a variety of potentially
unknown changes during the measurements, multivariate data
analysis strategies based on multicomponent regression
methods appear suitable. Chemometric data evaluation
approaches take advantage of statistical algorithms for
maximizing the chemical information derived from e.g., multi-
wavelength spectroscopic data recorded at highly variable and
frequently unpredictable measurement conditions. Hence, in the
present study multivariate regression models based on partial
least squares (PLS) were established for deriving robust
calibration models of the investigated multicomponent systems.

covers

This journal is © The Royal Society of Chemistry 2012
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Four latent variables (LVs) were selected, which captured 99%
of the variance within the calibration data set. Applying mean-
centering and cross-validation as data preprocessing steps, the
spectra used for calibration resulted in sufficiently robust
quantitative calibration models. The influence of selected
variables such as absorbance, related pressure and related
wavelength within the calibration model may be evaluated
using so-called selectivity ratios, i.e., the larger the value of the
selectivity ratio, the more relevant the associated wavelength
contributes to the prediction. Consequently, wavelengths with
low selectivity ratios will be excluded for calculating the
regression function for the calibrations. The selectivity ratios
shown in Figure 8 correlate well with the investigated analytes,
i.e., the highest values match up with the methane signature at
1305 cm™ and the region of the carbon dioxide species from
2260- 2350 cm’'. Hence, the PLS model weights the
wavelengths of the gas absorbance signatures highest, which
corresponds to the most relevant contributions within the
spectral data sets.

[N]
(==}
o

Q [5,)
(=] o

(5}
o

Selectivity Ratio for pressure

o TN o ., B
1000 1500 2000 2500
Wavenumber

Al L
3000 3500

Figure 8. Selectivity ratio for establishing a multivariate regression model. The
highest ratios match up with the relevant IR signatures of the dissolved
molecules within the water matrix.

The calibration set used herein comprised three independent IR
spectra recorded at four different pressures (0.6, 1.2, 2, and 4
MPa) covering the linear range of dissolution of the
investigated gases. From these calibration samples, a linear
regression model was established, as shown in Figure 9.

0 R?=0.998 o«
35 8
Y 1
2
@
=2 s 1
E: 8 © Calibration data
2
5 e o Validation data |
o
15 1
o
10 ] ]
5 L 9 1 1 1 1 1 L 1
5 10 15 20 2% 30 E3 40

Measured pressure

Figure 9. Calibration model for the investigated greenhouse gas mixtures in brine
solution. The calibration data set included 3 independent spectra containing CO,,
13COZ, and CH, recorded at 4 different pressures resulting in a R?*=0.998.

The calibration model reveals a goodness-of-the-fit of
R?=0.998%, and suitably predicts the associated pressures. A
set of spectra, which were recorded at different pressures (i.e.,
1, 2.4, and 3.5 MPa), which were not included in the calibration
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model were used as quasi unknowns for validating the
established model. As anticipated, the predicted pressure values
matched the actual pressure values very well, thereby
confirming the robustness of the regression model. Figure 10
shows that the integrated peak areas of both the methane
absorption band at 1305 cm™ and the carbon dioxide absorption
at 2343 cm’', which linearly correlates with both (i) the
estimated concentration, and (ii) the ambient pressure at which
the spectra were recorded. This correlation confirms that the
direct evaluation of the methane and carbon dioxide absorption
at relevant concentration levels reported in literature '”» 2527
may be performed via direct peak area integration taking
variable pressure conditions accurately into account. Although
both signatures show a linear bahavior at the estimated
concentrations, it is evident that methane is likely to appear at
concentrations at least one order of magnitude lower than
carbon dioxide in such mixtures, thus revealing significantly
lower peak areas at the respective pressures.

4,5 - 6000

® - 5000
P + 4000 £
©
% &2
=
< o
o \ 43000 &
= =
2 5
4 Methane 8
o 42000 §
(&)

- 1000

L e S S B B N B B e e e e e
0,0 01 02 03 04 0506 0,7 08 09 10 11 12 13 14 15 16
Peak Area (a.u.)

Figure 10. Integrated peak areas of the methane and carbon dioxide signatures.

The red scale refers to the peak area against the estimated dissolved gas
. 19,27 . . .
concentration at different pressure values (black line), respectively.

Considering the linear relationship between pressure and peak
area, the multivariate calibration model for predicting pressure
conditions meets the desired requirements for monitoring such
constituents at elevated pressure conditions in saline
environments. Consequently, the predictions derived from the
calibration model may be directly related to the linear
behaviour of pressure vs. dissolvable amount of gas in these
pressure ranges.

Experimental

Sample Processing

Carbon dioxide (99.5%) and methane (99.5%) were purchased
from MTI IndustrieGase AG (Neu-Ulm, Germany). CO,
(99.9%) was purchased from CAMPRO Scientific GmbH
(Berlin, Germany). The JetStream Circle Cell IR-ATR
accessory was purchased from Pike Technologies (Pike
Technologies, Cottonwood, United States).

6 | J. Name., 2012, 00, 1-3

MgSO,, Na,S0O,, CaCl,, KCI, and NaCl were purchased from
VWR International GmbH, (Darmstadt, Germany). Deionized
water was used as solvent for the salts to simulate saline
environments''.

The synthetic brine environment used as background matrix in
this study was established by dissolving MgSO,, Na,SO,,
CaCl,, KCl, and NaCl in deionized water following the
composition given in Table 1.

Table 1. Composition of synthetic brine solution.

g/L wt-%
MgSO4 12 49
Na,SO4 1.3 0.5
CaCl, 14.8 6
KCl 0.7 0.3
NaCl 215 88.3

The compositions of saline aquifers around the world differ
slightly in the concentration of dissolved salt, rock and/or
sediment content. The composition used herein was adapted
from Sell et al. (2013) for creating a representative brine
environment.''

Conclusions

Using a synthetic brine solution as surrogate for real-world
saline aquifer matrices, it was shown that IR-ATR spectroscopy
is a useful analytical tool for on-line monitoring of changes in
the gaseous, dissolved or supercritical states of greenhouse
gases present in saline aquifers. This unique measurement
concept ideally lends itself to applications in energy-related
environmental monitoring scenarios aiming at capture and
storage of such gases. To the best of our knowledge, the present
study demonstrates for first time that changes of the
characteristic methane IR signature in saline environments are
detectable using IR-ATR spectroscopy at a wide range of
relevant pressure conditions. Furthermore, a multivariate data
evaluation strategy was developed establishing a robust
calibration model for simultaneously quantifying CO,, *CO,,
and CH,4 in brine matrices. Taking advantage of thin-film IR

20-2 in  combination with advanced

22-24

waveguide technology
infrared light sources such as quantum cascade lasers
promises robust, portable, and highly miniaturized IR analyzers
deployable at harsh in-field conditions present in downhole and
deep sea scenarios for monitoring of storage gases.
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