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Abstract

The apparatus detailed in deliverable D2.1.4 has been employed to make measurements of the
solubility of hydrogen in pure water. The experimental protocol has been further refined from
that reported in D2.1.4 and the rates of interfacial mass transfer have been estimated. Additional
solubility data have been retrieved from the literature and the combined results fitted to a
correlative thermodynamic model. The report details the new experimental protocol and results
obtained from the experiment and modelling. The correlative model reported is valid at
temperatures between 273.15 K and 373.15 K and at pressures up to 101 MPa.
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1 INTRODUCTION

Reliable knowledge of the thermophysical properties of mixtures of CO2 and numerous other
substances are essential in designing the overall process of hydrogen production from fossil fuels
with simultaneous capture, transportation and storage of CO,. Captures COz is never pure, and, in
this process, hydrogen is likely to be a significant impurity. This will affect the properties of the
COo-rich stream during pipeline transportation and influence the storage behavior once the fluid
is injected into a storage reservoir [1]. In the case of aquifer storage, the key components of interest
are CO», impurities including Hz, water, salts and the reservoir minerals with which these fluids
are in contact. In the ELEGANCY project, one of the objectives is to improve the available
thermodynamic-property models to encompass hydrogen and other impurities both under the
conditions of pipeline transportation and under aquifer-storage reservoir conditions.

The specific objectives of Task 2.1 “Thermodynamic property model for CO»-brine” are to:
e Study the solubility behavior of CO2 + H> in water and brines at reservoir conditions
e Develop a thermodynamic-property model to represent both this solubility behavior and
the thermodynamic properties of the coexisting phases.

This report addresses the measurement of Hy solubility in pure water, including a detailed
mathematical model of the measurement system, and the correlation of the available solubility
data in terms of a thermodynamic model.
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2
2.1

PROTOCOL FOR SOLUBILITY MEASUREMENTS
Resume of experimental system and procedure

The experimental apparatus developed in this project is detailed in D2.1.4. Figure 2.1 is the PFD
of the measurement system built up around a bespoke high-pressure view cell.

Waste Waste
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V2
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Waste < |
V6 V8 Vacuum
V7
Waste

Figure 2.1: PFD of the system. SP, syringe pump; Pc & P, pressure sensors; T, temperature
sensor; HJ, heating jacket; C, camera; RD, rupture disk; V1, V2, pump fill and dispense valve;
V3, V4, V6, V8, manual valves; V5 & V7, proportional relief valves.

The standard operating procedure (SOP) for the experiment on Ha solubility, starting with a clean
and evacuated system, was as follows (with reference to Fig 2.1):

N =

o o

10.

Fill the liquid bottle with pure water.

Set the desired operating temperature.

Close V2, open V1 and allow water to flow into the evacuated pump.

Close V1, raise pressure in the pump and purge to waste through V2 and V3. Refill the
pump though V1.

Isolate the outlet of the cell at V6 and isolate the liquid inlet at V3.

Slowly open V4 and admit gas until a pre-determined filling pressure is reached.

Allow the system to reach equilibrium and record the cell temperature and the pressure of
the gas (measured with Pg).

Turn on the stirring mechanism, open valve V2 and V3, and start to transfer liquid into the
cell.

When the cell is nearly filled with liquid, stop the transfer of liquid and continue stirring
until the system reaches equilibrium in the two-phase region. At this point there should be
a small bubble of gas remaining.

Proceed with further small injections of liquid (e.g. 0.2 mL) and equilibration periods until
the bubble is completely dissolved.
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11. Make a few further injections to raise the pressure in the single-phase region.

12. At the conclusion of the measurement, discharge the cell contents to waste through V6.
The cell temperature may also be elevated above the boiling point of water to help empty
the cell.

13. Finally, evacuate the system, through V6 and V8.

14. If, during steps 12 and 13, the syringe pump is not emptied then, in a subsequent
experiment, steps 3 and 4 are unnecessary.

This SOP is slightly different to the one described in D2.1.4 for CO. dissolution; the modified
SOP was found to be more suitable for sparingly-soluble gases such as Ho.

To determine the bubble point, the equilibrium pressures recorded in steps 9 to 11 can be plotted
against the volume of water injected as illustrated in Figure 2.2. The intersection of regression
lines in the two-phase and single-phase regions identifies the bubble pressure. The amount of gas
present is determined from the initial filling pressure and temperature and the amount of water
present at the bubble point is determined from the volume Vi, injected and the temperature and
pressure in the syringe pump. Hence the bubble pressure and composition are both determined.
Here, the single-phase region is fitted with a linear function of Vi, while the two-phase data are
fitted to a quadratic.
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Figure 2.2: Pressures in the two-phase and single-phase regions for H. solubility in water.
Symbols: O, experiment (two phases); O, experiment (one phase). Solid lines: regression
functions.

An alternative plot which can be used for the same purpose is shown in figure 2.3. The advantage
of this plot is the pressure in the two-phase region are nearly linear in Vin, while those in the single-
phase region are the inverse of a linear function. This makes the fitting of the data more reliable.
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Figure 2.3: Inverse of the pressures in the two-phase and single-phase regions for Hz solubility in
water. Symbols: O, experiment (two phases); O, experiment (one phase). Solid lines: regression
functions.

A less-empirical procedure can also be used in which a detailed thermodynamic model is fitted to
the experimental data as discussed further below in section 2.3.

2.2 Rate of interfacial mass transfer and required equilibrations time

Following each injection of water, the cell pressure was monitored as a function of time as the
system approached equilibrium. Given the very small amounts of water injected at high pressures,
the controlling factor in this equilibration process was the rate of interfacial mass transfer rather
than other factors such as thermal equilibration. The time constant for the approach to equilibrium
was determined by fitting exponential decay curves to the pressure-time data as illustrated in
Figure 2.4. These accounted very well for the observed behavior. It was noted that the time
constant z in this model depended somewhat on the stirring rate but experiments were generally
carried out at the fastest possible stirring rate and the time constant then depended mainly on the
size of the remaining bubble. As this decreased, the surface area available for mass transfer
decreased and the time required for equilibration increased. An approximately-linear correlation
was observed between 1/z and the volume of the remaining gas bubble with the time constant
ranging from just a few minutes, far from the bubble point, to about 25 min close to the bubble
point. Knowledge of this behavior is extremely useful in the design of the experimental protocol.
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Figure 2.4: Left: Approach to equilibrium during H dissolution into H>O at T = 323.15 K. Right:
Correlation between the inverse of the equilibration time constant t and the volume Vgas Of
undissolved gas remaining in the solubility cell. Symbols: experimental data. Solid red curve,
exponential decay curve. Solid blue line, linear regression.
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2.3  Thermodynamic model of the solubility experiment

The experiment to be modelled is one in which a cell, maintained at constant temperature and
initially filled with a charge of gas, is subject to step-wise injection of liquid solvent from a
calibrated pump. After each injection, the system is stirred until equilibrium is achieved and the
pressure is measured. A plot of the equilibrium pressure against the amount of solvent injected is
characterized by a two-phase region in which the pressure rises slowly with each injection,
switching to a rapidly-rising single-phase region above the bubble point, as illustrated above in
figure 2.2. The intersection of these two branches permits determination of the composition and
the pressure at the bubble point.

In the following, let 1 denote the solvent and 2 denote the solute gas. The notation to be used in
the analysis is detailed in Table 2.1.

In the two phase-region, the necessary conditions for thermodynamic equilibrium between the
coexisting phases are: (1) equality of temperatures; (2) equality of pressures; and (3) equality of
the liquid-phase and vapor-phase fugacities of each component. Using the so-called asymmetric
approach, the fugacities of the components in the gas and liquid phases are given by
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fl,g =Y.0P

fl,L = XDy at Prsat 71 EXP (_[ i (v, / RT)dp)

P1sat

1)
f2,g =Y,0,p

f2,L = XKy 7, eXp(J.:sal (v, / RT)dp)

Table 2.1: Definition of symbol used in the thermodynamic model.

Symbols | Definition

S Vapor fraction

Xi, Vi Mole fractions of component i in the liquid, vapor phase
Zi Overall mole fraction of component i in the system

Ki Vaporization equilibrium ratios = yi/x;

P1sat Vapor pressure of the solvent at the system temperature
(1,sat Fugacity coefficient of the saturated solvent

fiL, fig Fugacities of component i in the liquid, vapor phase

oiL, pig | Fugacity coefficients of component i in the liquid, vapor phase
Vi Activity coefficient of component i in the liquid phase
Bjj Interaction second virial coefficient for i-j pair

Cijk Interaction third virial coefficient for i-j-k triplet

Kn Henry’s constant for gaseous solute

N Amount of substance i in the system

n Total amount of all substances present in the system

V1 Partial molar volume of the solvent

V2 Partial molar volume of the gaseous solute at infinite dilution
VL Molar volume of the mixed liquid phase

VG Molar volume of the gas phase

VL Volume filled by the liquid phase

Veell System (cell) volume

Vo System (cell) volume at zero pressure

x Pressure coefficient of the system volume

Z Compression (or compressibility) factor of the gas phase

In a dilute solution (sparingly-solute gas), the activity coefficients y; can be set equal to unity, vi
can be set equal to the molar volume of the pure solvent and v, can be identified as the partial
molar volume of the solute at infinite dilution. The vaporization equilibrium ratios are then given

by

Kl =L :£¢1,sat pl,sat jexp(J’; (Vl / RT)dp)

X k€01 P @
K, :ﬁ:(_Hjexp(J‘p (v2/RT)dp)
X2 (02 p P1sat

At moderate pressures, the virial equation of state truncated after the third virial coefficient may
be used for the vapor phase:
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Z=1+B/v +C/V:. (3)

Here, Z = pv,/RT is the compression factor, vg is the molar volume of the gas, and B and C are
the second and third virial coefficients of the mixture. Written for a binary mixture, the second
virial coefficient is given by

B= 3/12 Bn + 2y1y2 BlZ + y22 BZZ’ (4)

where Bii is the second virial coefficient of pure component i and Bi2 is the interaction virial
coefficient. The third virial coefficient is given for the binary mixture by

C =y;Ciyy +3Y;¥,Cu1, +3Y1Y5Ciss + ¥3Coia s (5)

where Cij; is the third virial coefficient of pure component i and C112 and C12. are the two possible
interaction third virial coefficient. In terms of this equation of state, the fugacity coefficients are
given by

Ing, =2(y,B,; +Y, Blz)vél +(3/ 2)(y12C111 +2y,y,Cp, + )/22(:122)%2 -InZ } ©)
INg, = 2(y,By, + Y,By, Vg +(3/ 2)(¥:Cy, +2¥,Y,Cop + Y3Co Vg ~INZ

An isothermal-isobaric flash calculation (specified T, p and z) is solved iteratively. Initial;
approximations for the coexisting phase compositions are estimated, equations (3) to (6) are used
to find the fugacity coefficients in the gas phase and the equations (2) are used to find the K factors.
In the present case, x2 and y1 are always small and initial estimates of the fugacity coefficients can
be obtained using infinitesimal initial values for these two mole fractions. The mass balance
equations may then be solved analytically to give the vapor fraction in terms of the K factors:

(1_ Kz) + Zl(KZ — Kl)
(K, -)(K, -1

B = (7)

Improved phase compositions are then obtained from the overall system composition as follows:

% =1z, I{L+ B(K; -1} (8)
Y, = KiX |

and the calculation is repeated to convergence.

In the solubility experiment, the total amount of each component is specified along with the cell
volume and temperature; consequently, an isochoric flash is required. This calculation can be done
be embedding the isothermal-isobaric flash routine in an iteration loop within which the pressure
adjusted until the volume occupied by the two-phase mixture matches the cell volume. This
criterion can be expressed in the condition

p= ﬂnRTZ /(Vcell _VL) J (9)

where Ve is the cell volume (evaluated at T and p) and Vi is the volume occupied by the liquid
phase:

VL =n. (X1V1 + szz) ‘ (10)

For practical purposes, it is useful to express the volume of the cell as a linear function of pressure
as follows:

V(:eII :VO (1+ X p) ' (11)
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In the context of the present measurements, the second and third virial coefficients of the (H> +
H>0) system can be obtained from independent sources (see Appendix A). So too can the molar
volume of H2O [2] and the partial molar volume of H> in aqueous solution [3]. The only
thermodynamic parameter in the model to be fitted to the experimental is then the Henry’s constant
Kn; additionally, the cell-volume parameters Vo and y are fitted.

2.4 Experimental results

Experiments have been performed at T = 323.15 K with various initial gas filling pressures. The
raw data obtained are typified by those plotted in Figure 2.2 and, when fitted by the model detailed
in section 2.3, the parameters obtained are kny = 7480 MPa, Vo = 88.11 cm? and y = 9x10° MPa™.
Figures 2.5 and 2.6 illustrate the close agreement obtained between the model and experimental
data.
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Figure 2.5: Pressures in the two-phase and single-phase regions for Hz solubility in water at
T =323.15 K. Symbols:O, experiment (two phases); O, experiment (one phase). Solid lines:
thermodynamic model.
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Figure 2.6: Deviations of experimental pressures in the two-phase and single-phase regions for
H> solubility in water at T = 323.15 K. Symbols: O, experiment (two phases); O, experiment (one
phase).

The transition from two-phase to single-phase behavior was always confirmed visually. Bubble
points determined from application of the thermodynamic model are found to be agree with those
obtained by graphical analysis (as in Figure 2.2) are found to agree closely, usually to within 1%
in pressure.
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3 THERMODYNAMIC MODEL FOR THE SOLUBILITY OF
HYDROGEN IN PURE WATER

In this section, we combine the new data and data from the literature and obtain the parameters of
a correlative thermodynamic model that best fits the data.

3.1  Available experimental data

Experimental data for the phase behavior of (H20 + H>) have been reported by several authors and
the distribution of these data by temperature and pressure is shown in Figure 3.1. Wiebe et al. [4;
5] studied the solubility of H2 in H.O by means of a degassing technique whereby H» saturated
H>O samples were expanded to low pressure and the amount of gas evolved measured in a gas
burette. Their measurements are the most extensive, covering the temperature range from
273.15 K to 373.15 K with pressures up to 101 MPa. Although old, these data appear to be of very
good quality. Kling and Maurer [6] studied the (H20 + H>) system temperatures between 323.15 K
and 423.15 K using a synthetic variable-volume bubble-point method at pressures between 3 MPa
and 15 MPa. Their results are in excellent agreement with those of Wiebe and Gaddy [4]. Pray et
al. [7] report data at total pressures up to about 13 MPa at temperatures between 325 K and 616 K;
unfortunately, their data at 325 K are in poor agreement with other sources. Additional data were
reported by Alvarez et al. [8], Choudhary et al. [9] and Ipatiev et al. [10].

100

p/MPa
[ J [ J
o0 [ I X N}
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Figure 3.1: Distribution of available data in temperature-pressure space for the solubility of H
in H2O. Symbols: ®, Pray et al.[7]; @, Gillespie and Wilson [11]; ®, Wiebe et al. [4; 5]; @,
Alvarez et al. [8]; ®, Choudhary at al. [9]; @, Ipatiev et al. [10]; ® ,Kling and Maurer [6]; solid
line is the vapor-pressure curve of water [12].

3.2  Thermodynamic model

The thermodynamic model detailed in section 2 of this report has been optimized to represent
selected experimental data. At the present stage of the project, only data up to a maximum
temperature of 373.15 K have been considered and the parameters have been fitted to the new
experimental data and the literature results of Wiebe et al. [4; 5] and Kling and Maurer [6]. The
second and third virial coefficients are constrained entirely by the literature and the only
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parameters fitted are the Henry’s constant and the partial molar volume of H> in aqueous solution,
the latter assumed to be independent of pressure. Figure 3.2 shows the excellent agreement
obtained between the data and the model. The parameters determine are shown as functions of
temperature in Figure 3.3 and can be seen to be extremely smooth. This modelling approach will

be extended in future work.

100 F 100 F
(a) (b)
© ©
%10 - % 10
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l L L 1 " 1
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x(H,) X?ﬁz)
100 F 100 F
(c) (d)
g g
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S S
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0.0001 0.001 0.01 0.0001 0.001 0.01
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Figure 3.2: Pressure-composition diagrams for (H20 + Hz) at (a) T = 273.15 K, (b) T = 298.15
K, (c) T=323.15K and (d) T = 373.15 K. Symbols: ®, Wiebe et al. [4; 5]; ®, Ipatiev et al. [10]
(for comparison only); ®, Kling and Maurer [6]; [, this work.

Also shown in Figure 3.3 is the correlation of Henry’s constant reported by Fernandez-Prini et al.
based on an analysis of low-pressure data. The agreement with the current determination is
reasonable but not exact. The partial molar volume obtained in the present work at T = 298.15 K
is smaller than the value of (23.1 + 1.1) cm®mol reported in the literature by Zhou at al. [3]. This
might be in part due to the present assumption of neglecting a dependence of vz on pressure; it
may also relate to other approximations in the model. Nevertheless, the solubility model itself
provides a good account of the data and can be considered reliable in the temperature range

considered here.
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Figure 3.3: Henry’s constant ky and the partial molar volume vz of Hz in aqueous solution as
functions of temperature. Symbols: ®, Henry’s constant; ®, partial molar volume of H,; dashed
line, Henry’s constant correlation of Fernandez-Prini et al. [13]; solid lines are polynomial fits

to the current data.
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4 CONCLUSIONS

The experimental approach to be used for the solubility of H2 in brines has been validated in
measurements of Hy solubility in pure water. The data obtained together with extensive data from
the literature have been fitted to obtain a model applicable at temperatures from 273.15 K to

373.15 K with pressures up to 101 MPa. This model will be extended to a wide temperature range
in future work.
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5 APPENDICES

A APPENDIX A: VIRIAL COEFFICIENTS OF THE H; + H.O SYSTEM

The second and third virial coefficients of pure H> have been well studied by both experimental
and computational means. In this work, we take the second virial coefficient B2> of Hz and also
the H2-H>O interaction second virial coefficient from the computational study of Hodges et al.
[14]. These authors present a simple correlation in the form

B,(1) = Y 6,1 -

where T* = T/(100 K). The coefficients and exponents for B2> and By are given in Table A.1.

Table A.1: Coefficients in Equation (A1)

[ Ci | di Ci | di
B22/(cm®mol) B12/(cm*/mol)

1 42.0803 -0.33 33.047 -0.21

2 -143.982 -14 -250.41 -15

3 146.918 -1.8 285.42 -2.26

4 -47.5601 -2.2 -186.78 -3.21

The second virial coefficient of water is well-known at high temperatures but uncertain at
temperatures below about 400 K. We use the correlation recommended by Frenkel and Marsh
[15], which is:

B,,(T)/(cm®/mol) =158.83-3.01x10°(K/T) +1.82x10°(K/T)? -=5.69x10°(K/T)®. (A2)

The third virial coefficient of pure Hz was taken from the correlation reported by Fandifio et al.
[16], which is based on the Peng-Robinson equation of state and may be written

Con(T) =7 + 22

RT | (A3)

where

a(T) =0.457235 (R*T2/p, )[1+ (0.37464+1.54226 &~ 0.26992 & ) (1- [T /T, )T A)

and

b=0.077796 RT_/ p, . (A5)
The parameters Tc, pc and w are formally the critical temperature, critical pressure and acentric
factor of Ho. However, because of quantum effects at low temperature (which are absent at the
temperatures of interest here) effective values are used as follows: Tc = 31.76 K, pc = 1.276 MPa
and w =-0.0626. With these parameters, equation (A3) was shown to give a good account of the
available experimental data [16].

The remaining third virial coefficients, C111, C112 and Ci22 are unknown. However, given the very
small mole fraction of H2O in the vapor phase and the mole-fraction weighting in equations (5)
and (6), these terms are unimportant and were set to zero.
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