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Abstract

Precipitation of minerals such as barium sulfate in production equipment and within
reservoirs in petroleum and other hydrothermal producing (e.g. geothermal) systems is a
major operational problem. Barium sulfate deposition can cause different problems such as
loss in production, formation damage and premature equipment failure. Mineral deposition is
usually caused by changes in the producing fluid temperature or composition and chemistry.
In these systems, aqueous systems thermodynamic modeling plays a central role in predicting
the favorability of barite precipitation and dissolution. Predominance diagrams and speciation
models demonstrate how solution properties such as pH and electrolyte composition impact
the solubility limit of barite. Temperature and pressure have a strong influence on barite
solubility. The solubility limit of barite varies from 5 to 25 pmol kg1 depending on the
temperature. Commercial software such as OLI Studio that relies on the Helgeson-Kirkham-

Flowers (HKF) equation of state model (EOS) present disclaimers that the model does not



work at high temperatures and low pressures above 300 °C [1]. Here, we present a model that
is able to predict the behavior of barite-containing species at high temperatures and pressures.
This was accomplished using a molecular statistical thermodynamic-based model capable of
predicting the solubility of barite beyond the critical point of water. The resulting predictions
accurately captured increases in solubility from 0 - 100 °C, decreases in solubility from 100
to 300 °C and then a steady increase to 400 °C which covers the range of temperatures
currently being explored by hydrothermal and petroleum systems.

5.1 Mineral Deposition in Petroleum and Hydrothermal Systems

Mineral deposition is a critical problem facing engineers working with petroleumand
hydrothermal fluids. These problems are most apparent for petroleum and natural gas (PNG)
industry and geothermal systems. If left unchecked, hydrothermal fluids can quickly become
supersaturated and form mineral deposits that damage the productivity of a production field.
As recent explorations have dramatically expanded the range of temperatures and pressures
observed in PNG and geothermal reservoirs, we need to adapt our current modelling practices
to capture these new conditions.

The process of forming these deposits is referred to as scaling, which affects the
productivity of many geoengineered systems. One extreme example of a detrimental scaling
incidentoccurred in the Miller oilfield in the North Sea. When an oil well went from 30,000
barrels per day of production to zero within 24 hours [2]. The cause of the production
shutdown was a mineral plug of barium sulfate (barite) several hundred feet long which had
quickly formed within the well [2]. The Miller oilfield scaling incident is a classic example of
how the scaling phenomena can adversely impact production from conventional oil fields, but
this is just one instance as several other examples can be found throughout literature [3—7].
Scaling is also a possible cause of the rapid production drop-off observed in unconventional

oil and gas fields. Though the use of hydraulic fracturing has played a critical role in the



resurgence of oil and gas exploration in shale reservoirs, these unconventional fields are
known for their rapid decrease in production over time [8,9]. Here is a typical plot of the
production decline from unconventional reservoirs showing the hyperbolic decline and

exponential tail decline phases (Figure 5.1) [10].
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Figure 5.1: Typical sketch production profile from unconventional well.

Their use of acidic and often complex hydraulic fracturing fluids (HFFs) aim to enhance the
transport properties, increasing reservoir productivity. However, these reservoirs are subject
to injection sequenceswhich introduce the HFFs into the reservoir then undergo extended
shut-in periods which neutralize the incoming fluids through their contact with minerals and
fluids contained within the formation [8]. Recent studies have shown that mineral
precipitation within these reservoirs, as well as deposits inside fractures, near pore throats and
at the surface of proppant materials, leads to reduced porosities. [11]. Minerals found within
the fracture network consist of species such as Fe(l1)-containing solids, calcite and barite

[8,9,11].

Scaling occurs in environments that share some core commonalities. In a hydrothermal
system, scaling occurs if an aqueous solution becomes supersaturated with ions that contain
the elements needed to form a mineral such as barite or calcite. In principle, a solution can

either be saturated, undersaturated or supersaturated with a mineral depending on the activity



of mineral constituents within the aqueous phase. In these circumstances, specific outcomes
are expected. Supersaturated solutions deposit minerals, undersaturated solutions dissolve
minerals, and saturated solutions will neither dissolve or deposit a mineral as they are in
equilibrium with these solid mineral phases. The solubility limit, which determines each of
these states is a thermodynamic property. Kinetics of deposition/dissolution could impact the
rate of these processes but their thermodynamics provides the principle possibility of these
processes to occur.

The extent of mineral saturation in any solution can be determined through a
thermodynamic analysis of the solid and aqueous phase. Through such an analysis, concepts
such as scaling tendency, saturation index (sometimes called the scaling index) and solubility
products are used to assess if deposition is thermodynamically favorable. One common
mineral known to cause scaling issues is barite. Here, barite precipitation and dissolution are

described using the International Union of Pure and Applied Chemistry (IUPAC) conventions

[12]:

BaSOy(s) « Ba2*(aq) + SO4*(aq). (5.1)

BaSO,(s) represents the mineral barite in its solid phase “(s)”, and Ba2*(ag) and SO42-(aq) are
the barium and sulfate charged species (ions) present in an aqueous phase “(aq)”. In addition
to the ionic species, ion pairs such as BaSO4°(aq), can also form within the aqueous phase
and are critical to understanding barite solubility in superheated waters as the attraction
between ions increases due to decrease of relative permittivity (dielectric constant) of water.
Formation of the ion pairs and other complexes is a common phenomenon for any strong
electrolyte when temperature of solution increases and its density decreases. This formation

of ion pairs and complexes needs to be considered in modelling and predicting mineral



deposition in petroleum and hydrothermal systems at high temperatures and low pressures.
5.2 Solubility Product Constants and Scaling Tendencies

Knowing the saturation limit of barite in a solution is a useful tool for predicting its
likelihood of deposition. The solubility product constant (Ksp), also called the solubility
product, is an equilibrium constant (Keq) for a mineral dissolution reaction such as the one
shown in Eq. 5.1 and provides a means of quantifying this limit. Like all equilibrium
constants, they can be determined from standard Gibbs energy of reaction (A,.G°) values as

follows:

In(Keg) = — A, GO (RT), (5.2)

where R is the molar gas constant (in J mol-1 K-1) and T is the thermodynamic temperature (in
K). Alternatively, K¢ can be expressed in terms of activities. For barite dissolution, K, is as

follows:

KSp = aBa2+(aq)aSO42—(aq) / aBa504(S), (53)

where apg2+(qq) 18 the activity of barium ions, agq,2- (44 is the activity of sulfate ions and

“(aq

Apaso,(s) 1S the activity of barite which is equal to 1 for pure mineral.

The ion activity product (IAP), also known as Q in some texts, agg2+(qq) X asp,2 ofa

“(aq)
solution is key indicator of whether a solution is capable of precipitating barite. The ratio of

IAP and Ky, is also used in predicting scaling tendencies:

Q =1AP K, (5.4)



where Q, the ratio of IAP and K, is referred to as the scaling tendency and is used to assess
the favorability of barite deposition froma solution [13]. As such, if a solution with an IAP of

barium ag,2-qq)i0Nns is ever greater than its Ksp, then that solution is supersaturated with

respect to barite. Conversely, solutions with an AP lower than K, are undersaturated and
will dissolve the mineral. However, we should note that thermodynamic values only tell us if
precipitation and dissolution can happen. Kinetics of these reactions should be considered to

determine if they happen in any meaningful timeframe.

Therefore, by calculating the A,.G° using Eq. 5.1, we can assess the favorability of barite

deposition in a given solution. The A,-G%can be calculated for Eq. 5.1 as follows:

— 0 0 0
A,G° = Ay GBa2+(aq) + Af GSOZ‘(aq) — Ay GBa504(5) : (5.5)

where AG? is the standard Gibbs energy of formation of the i-th chemical in the reaction (eq.
5.5). The standard Gibbs energy of formation does not depend on concentration, but it does
depend on the concentration scale. The concentration scales used with aqueous systems are
molality (b), molarity (c) and mole fraction (x). Briefly, molality is defined as mol of solute
per 1 kg of water, whereas molarity is mol of solute per 1 L of solution. Mole fractionis a
dimensionless value that is the ratio of the number of moles of one component of a solution
(solute or solvent) to the total number of molesrepresenting all of the solution components.
Comparing standard values in literature can be confusing because these concentration scales
are rarely reported, but often lead to ~10 kJ mol-1 differences between sources. For reliable
calculations, the origins of the standard Gibbs energy values should be carefully considered
before use. The SUPCRT92 database [14] is a great starting point for many systems as it is

internally consistent amongst its many species and valid for a sizable range of temperatures



and pressures. As an example, we will calculate A,.G° for barite precipitationat 25 °C and 1

bar as

_ 0 0 0
AGO = AfGBaz+(aq)+ AI’GSOZ'(OLQ) B AfGBaSO4(S)

= (-560.8 kI mol-t) + (-744.5 kI molt) — (1,362.1 kI mol-t) =56.92 kJ mol-L,

With the A,-G° known, the natural logarithm of the solubility product for barite at 25 °C and 1

bar can be readily calculated as:

In(Ksp) == 4, G°(RT)*
— — (56,916 J molt) / [(8.3145 J mol-1K) (298.15 K)]

=-22.96,

resultingin a Kgp of 1.069 x 10-1°. If the solution only contains barium ions, sulfate ions and
water, then the square root of Kg, provides a means to estimate the solubility limit of barite in
water [(1.069 x 10-10)05=1.034 x 10->mol kg1 at 25 °C and 1 bar]. The solubility limit we
calculated here is consistent with the 1.11 x 10-5 (£ 8 %) mol kg! obtained experimentally
[15].

Note that in the above calculations we assumed that the activity coefficients of
aqueous species equal 1, so activity of the i-th species, a;, is numerically the same as molal
concentration, b;, while precisely a; = b; /b°, where b is the standard molality equals 1
mol/kg, so the activity is dimensionless.

The introduction of activity and activity coefficients bring up some important

concepts about the relationship between concentration and activity. As the concentration of



ions in a solution increases, interactions between these ions alter the effective concentration
of each species, which we call activity. The deviation due to these interactions are accounted
for through activity coefficients, which are obtained using a wide variety of equations that are
thoroughly explained elsewhere [13]. As many geochemical fluids contain a plethora of ions,
these deviations can be dramatic depending on the conditions. Likewise, minerals canform
solid solutions which also require careful treatment. Though we acknowledge these factors
and their significance, this chapter will focus on how composition (excluding activity
coefficient effects) and temperature impact barite precipitation predictions. Excluding the
activity coefficients considering very dilute solutions is a reasonable approximation.

In many instances, Q can vary by several orders of magnitude, so another metric is
used to quantify the likelihood of barite and other minerals to precipitate froma solution. The
saturation index (SI), which is defined as Sl = l0g;0(€2), can provide a similar assessment of
the likelihood whether a mineral will dissolve or precipitate in the given solution [13]. An SI
equal to zero means the solution is at equilibrium with the mineral in question, while a
negative Sl indicates the mineral is predicted to dissolve and a positive SI means that the
mineral is predicted to precipitate. These perditions are based on thermodynamics and the

precipitation/dissolution kinetics should also be taken into account in some cases.

5.3 Speciation Models and Predominance Diagrams

The solubility product can make the prediction of barite scaling seem deceptively simple.
However, the presence of additional species complicates scaling thermodynamics as they can
influence the maximum solubility sulfate and/or barium-containing species. Such
complications are frequent in real world applications as engineers regularly work with natural
and produced waters with a diverse range of components. The injection of produced waters

[4] or seawater [2,5,6] into the reservoir to enhance oil recovery can increase the



concentration of ionic species within the reservoir that can promote the formation of mineral
scale. For example, pH, temperature and fluid density variations can favor the formation of
additional barium-containing species such as the barium hydroxide complex, e.g. BaOH*(aq),
or the ion-pair, e.g. BaSO40(aq) [16]. Problems such as these can be solved by developing a
more realistic speciation model.

Speciation analysis is an approach that quantifies the thermodynamically favorable
phases and their components (molecules, ions, ion pairs, etc.) for a particular system at
particular state variables such as temperature and pressure. With respect to barite mineral
scaling, speciation analysis can provide insights into how the chemical composition of
produced waters can influence solubility of barite. The effects of dissolved salts, gases and
pH as well as temperature and pressure can be analyzed through this approach. As produced
waters have a wide range of chemical and physical properties [4,17], speciation analysis is
often needed to discern the fate of any mineral components within the production lines.

Two methods are commonly used to examine the speciation of a petroleum and
hydrothermal system which shows how solution composition and the solubility limit of
minerals can change in response to additional chemicals. The first relies on solving a system
of equilibrium constants along with equations of electroneutrality and mass balance and the
second relies on minimizing the Gibbs energy of the system [13, 18]. The equilibrium
constant method relies on identifying chemicals reactions that represent a system of interest,
while the minimization method requires all Gibbs energies of formation of all species are
available. In addition to the barite dissolution reaction shown in Eq. 5.1, barium hydroxide
species is another well-known barium-containing aqueous species. Changing pH of the
solution using acids and bases can invoke a wide range of responses. The chemicals used to
change the system pH, will strongly influence the outcome. Adjustments to pH invoke

sulfate reactions involving protons as well as sulfate ions and hydrogen sulfate which can



influence the solubility of barium sulfate significantly. Furthermore, a barium sulfate ion-

pair, BaSO4°(aq), can impact solubility at higher temperatures particularly in the presence of

sulfate-containing electrolytes [16,19,20]. These relations can be expressed using additional

chemical reactions:

BaOH*(aq) <> OH-(aq) + Ba2*(aq),

HSO4(aq) « SO42(aq) + H*(aq),

H20(l) <> H*(aq) + OH-(aq),

BaS0O,%aq) <« Ba?*(aq) + SO4%(aq).

Using Eq. 5.2 and the SUPCRT92 database as well as some published ion-pair data

[16,19,20], Keq values for each of these reactions can be calculated for a wide range of

(5.6)

(5.7)

(5.8)

(5.9)

temperatures and pressures. As shown in Table 5.1, at 25 °C and 1 bar, the K¢ values for

each of these reactions can be different by more than 30 orders of magnitude.

Table 5.1: Overview of chemical reactions and equilibrium constants for Egs. 5.1 & 5.6-5.9

at 25 °Cand 1 bar.

Chemical Reactions IN(Keq)
Ki:BaSOu(s) <> Ba?*(aq) + SO.(aq)  -22.96
K, : BaOH*(aq) «> OH-(aq) + Ba2*(aq) -1.14
Ks : HSO4(aq) <> SO42(aq) + H*(aq) -4.56
K4 : H20(1) — H*(aq) + OH-(aq) -32.22



Ks: BaSO4(aq) « Ba?*(aq) + SO42(aq) -6.14

If combined with mass balance and charge balance constraints, these equations forma system
of equations that provide a means to determine the molal concentration (b;) of all species
within an aqueous phase. Here is a demonstration of how these can be solved assuming the
activity coefficients (y;) are close to 1 (i.e. a; = bjyi= b;), which is only applicable in very
dilute solutions [21]. Otherwise, an iterative approach is required to account for how activity
coefficients change with the ionic strength of the solution, which is an approach presented
elsewhere [13].

The Keq equations for Ki-Ks can be expressed in terms of activities (using square

brackets) according to Egs. 5.10-5.14:

Ks = [bpa2+ 1L bso,2- (5.10)
Ke= [bga>+1Lbon-1/ [Dsaon+] (5.11)
Ka= [bso,2-1Lbi+1/ [buso, ] (5.12)
Ka=[bon-10bi+]. (5.13)
Ks = [bga>+ 1 bso,2-1/ [Ppaso,] - (5.14)

By selecting a pH titrant concentration and the total amount of moles of barium per kg of
water for a system (bita ga), We can solve the system of equations to determine solubility of
barium sulfate ata given pH by including the following mass balance and charge balance

equations, Eq. 5.15 and Eq. 5.16 if we assume the counterions do not require additional



reactions to be considered:

Diotal,Ba = bpa2+ + bBasog + Dpaso,(s) T Peaou (5.15)

0 =2bpq2++ bpaon++ byt — bon~ — buso; —2 bspz- + byg+- (5.16)

We set the total barium sulfate in the system to be 0.1 mol per kg of water, and we set the pH
of the system and the counter ion concentration. If the titrants are NaOH and H,SO,, a
parametric sweep of pH shows an increase in the solubility of barium sulfate from acidic to
neutral conditions and a plateau at high pH (Figure 5.2.A). The lower solubility at low pH is
due to the higher concentrations of sulfate ions from the addition of the sulfuric acid to

decrease the pH. (Figure 5.2.B)
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Figure 5.2: Predominance diagrams for (A) barium-containing species and (B) non-barium
containing species at 25 °C and 1 bar for a BaSO, - H,O system. The titrants were NaOH and

H,SO4. For pH 7 and higher, bat@g) = Don-@g): (PBa2+=©, bpaop+=M, bpasog = A, by+ =9,

bou- =9, byso; = A, bsog- =m)

The approach presented in this section demonstrates how speciation models and
predominance diagrams can be used to visualize solubility and scaling trends for barite as a
function of the solution chemistry change. Similar diagrams can be developed for a number
of compositional changes such as variations in sulfate and chloride concentrations. These
diagrams can also be configured for a range of temperatures and pressures to study their
influence on barite solubility. However, the equilibrium constant method becomes
increasingly difficult as the number of species and possible reactions increase. For example,
if we used HCl instead of H,SO, to control the pH, then reactions with barium chloride are
needed otherwise erroneous results will be obtained. For more complex systems with
multiple phases and multiple components such as examples given in Refs. [22—-24], Gibbs

energy minimization using a commercial software is a more convenient approach.



5.4 Barium Sulfate Solubility Measurements at Elevated Temperatures and Pressures
Solubility of barite is generally quite low which often results in scaling. At saturated
pressures, Psy, the solubility increases to around 100 °C, then it decreases in a temperature
range between 100 and 300 °C. From 25 to 300 °C, increasing pressure from 10to 100 MPa
increases the barite solubility [16]. A few techniques were used for measuring barite
solubility such as liquid phase sampling in autoclave and flow systems, weight loss of crystal,
conductivity, spectroscopy, liquid scintillation, X-ray fluorescence, inductively coupled
plasma-atomic emission spectroscopy, sulfur radioactive tracer, and barium radioactive

tracer.

In Ref. [15] the solubility data of barite in pure water for a temperature range between 0 and

300°C at Py Was collected from 29 publications (Figure 5.3).
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Figure 5.3: Experimental solubility data for barite in water at P, as a function of

temperature. (Based on Krumgalz etal. 2018 [15])



In Ref. [15], the data were carefully evaluated and fitted to the following polynomial

equation:

b = ao + alt + aztz + 0(3t3 ) (517)

where b is barite solubility in mol per 1 kg of water (molality), tis temperature in degrees

Celsius and the parameters a; were estimated as:

ay, =5.176 105 mol/kg,
a; = 2.852 107 mol/(kg°C),
a, =-2.024 10 mol/(kg °C?),

as = 3.473 102 mol/(kg °C3).

Using 47 experimental points with R2=0.983 it was observed that discrepancies between the

experimental solubilities and those calculated by this polynomial are below 4.34 %.

Solubility data for barite in pure water at temperatures above 300 °C were presented and
discussed in a reference book [25]. Morey and Hesselgesser [26] measured BaSOy(s)
solubility at 500 °C and 1000 bar using a flow method to pass supercritical water at a constant
pressure over the mineral with the fluid exiting the system being analyzed to assessthe
solubility. Their measurement error is uncertain as it is not reported or listed. Striibel studied
barite solubility in water at three conditions: temperature range of 200-600 °C and pressures
of 15.6-2100 bar; isobaric conditions and densities of 0.326-0.925 g/cm3; isochoric
conditions using a weight loss of crystal method [27]. The authors provided an uncertainty of

the solubility measurements of + 20-25 %. Gundlach et al. [28] applied a method of liquid



phase sampling taken from a high temperature autoclave with following analysis of the
sample. The covered temperature and pressure ranges were 200-350 °C and 15.9-168.6 bar.
Their measurement error is uncertain as it is not reported or listed. Blount carried out the
BaSO, solubility measurements [29] usinghydrothermal equipment previously described in
Ref. [30]. A method for sampling the liquid phase was developed to avoid corrosionand
achieve equilibrium in the aqueous phase. The studies were done at temperatures 189-279°C
and pressures 92-1010 bar. Their measurement error is also uncertain as it is not reported.
Therefore, while a few barite solubility studies were carried out at temperatures above 300
°C, precision and reliability of the generated data were not well-defined. Given that Blount
and Striibel contradict each other by a factor of 2 to 5 in regions they overlap, more solubility

measurements are needed to confirm the Striibel dataset.

5.5 Thermodynamic Model for Aqueous Species at High Temperatures and Pressures
Here we present how a new aqueous thermodynamic model can be used to predict solubilities
fora wide range of temperatures and pressures. The widely accepted equation of state that is
used to predict the solubility of minerals from room temperature up to elevated temperatures
Is not suitable in many high-temperature, high-pressure (HTHP) conditions. Computational
software and databases, such as the SUPCRT92 database, rely on the Helgeson-Kirkham-
Flowers (HKF) model. The SUPCRT database and HKF model can reliably predict the
solubility of barite up to 300 °C. However, this model does not include data related to the
ion-pair BaSO4, which is a major contributor to the solubility predictions at higher
temperatures and pressures. In their seminal works, the authors of the HKF model indicate
that their model fails at high temperatures (> 300 °C) and low fluid densities ( <0.8 gcm?3)
[14,31,32]. Though oil and gas applications do reach these temperatures, geothermal systems

more frequently operate in this region [33]. As such, even if we were to fit the ion pair, the



HKF model is unable to reliably predict the solubility limits of barite for some hydrothermal
systems even though it could in principle work at high temperatures if the fluid density is
large enough. A demonstration that SUPCRT does not work at temperatures > 300 °C is
given below were the calculated by SUPCRT and experimental values of BaSO, solubility
are compared.

Recent advancements in molecular statistical thermodynamics (MST) relating to
molecular interactions can provide a more reliable description of how the standard Gibbs
energy of solute molecules vary with temperature and pressure [31,34,35]. Previous works
have shown that dipole-dipole and ion-dipole statistical thermodynamic expressions improve
the predictive capabilities of standard thermodynamic models to a broader range of
conditions [31,32]. Mineral solubility and ion-pair association reactions (NaOH?, HCI%, KCI9)
with available experimental data were used to confirm the viability of this new approach for
extending the range of solubility predictions beyond those set by the landmark HKF model
[18,31,32,36].

Like the HKF model, this approach predicts the apparent standard molar Gibbs energy
of formation for aqueous species. Note that the apparent Gibbs energy of formation differs
from “typical” standard Gibbs energy of formation in that the standard Gibbs energy of
species in their elemental form are only zero at 25 °C and 1 bar. For example, molecules such
as H,(g) will have non-zero apparent standard Gibbs energy values at elevated temperatures
and pressures. Like the HKF model, the proposed MST-supported model uses the following

equation:

AGY(T, P) = AGY(T,Pr) + [GY(T, P) - GY(Tr, Pr)] (5.18)

to determine the apparent standard Gibbs energy, AGY%(T, P), of the j-th species at given



temperature (T) and pressure (P). Here, A{GY%(T,,P;) is the standard Gibbs energy of the j-th
species at the reference temperature of 25 °C and pressure of 1 bar, and [ G%(T, P) - G%(T,,
Py)] is the change in the standard partial molar Gibbs energy of the j-th species from changes
in T and P. The second term is determined using a series of expressions that depend on

temperature, pressure, properties of pure water and five fitting parameters:

GY(T, P) - G%(Tr, Py) = [Zc S (T, B) — SP (T, B)] (T = T.) + A;(P — B.) —

Ci(Tin—+ T, = T) + (£ GF (T, P) = £ GF (T, B) . (5.19)

The Gj"terms are the MST-based k-type partial molar Gibbs energy contributions which
include the hard sphere (HS) contributions, the electrostatic ion-dipole (ID) and dipole-dipole
(DD) contributions, reference state contributions for changes in the standard state density
(SS) and Gibbs energy changes for switching from unit mol fraction to unit molality

reference states (MS). The model includes entropy terms for each of these contributions (S}‘),

which can be determined by taking the derivative of each contribution with respect to
temperature, and the standard partial molar entropy at the reference point (519). These were
reported previously [31]. Lastly, Ajand C; are two empirical constants used to account for the
short-range interactions. The remaining three of the five fitting parametersare within the
MST expressions used to determine the Gj"terms.

Three MST expressions represent the bulk of the temperature and pressure
dependences. The remaining fitting parameters within these expressionsare ;, o, and p; that
are the ion/ion pair diameter, water molecule diameter and ion pair dipole moment,

respectively. The hard sphere contribution, G;HS, is determined as [37]:



HS

9 = _In(1- N ygp2(__ 4 7 _
2 =—In(1 —n) +3D =430 (1l + s+ In(L - 1) )

3n3-6n>+B1n
_p3 (—(H)S +2In (1 -1)), (5.20)

where R is the molar gas constant =8.3145 J K- mol-, = tNapow?/6, p is the molecular
density, D = oi/ow, Na is the Avogadro number, f = 1/(kT) where k is the Boltzmann constant
=1.3806 10-22 JK-1. The mean spherical approximation (MSA) for an ion-dipole interaction

was determined as [38]:

G]I-D (1-1/¢)
L = —Nye?z} ———— 21
RT A8 G (BolB3) (5.21)

where z; is the charge number of the ionic species, e is the elementary charge =1.602 10-1° C,
€ IS the permittivity of the pure solvent. eis related to Bg and B3 through the well-known

Wertheim equation given as [39]:

_ B1aB3 _ (1+by/12)*(1+by/3)? (5.22)

Bé (1-b,/6)® ’

€

where b is a parameter from MSA theory. The dipole-dipole electrostatic term, GPP;, is

calculated as [34, 40]:

GPP —8NapF(e-1)
o _ | 5.23
RT 553 (1_%)(%)3+2£(0‘j+0'W%)5+(0-]' "‘"W%)S -

where p; is the last fitting parameter. The Gibbs energy contribution due to the change in the

standard state density is given as [35]:



SS

I = —RTIn(pRT/P"), (5.24)

where P* =1 bar is the pressure of the ideal gas reference state. Lastly, the Gibbs energy that
counts on the difference between unit mol fraction and unit molality reference states is given

as [35]:

MS

—— = —RTIn(My/b°) , (5.25)

where Mg is the molar mass of the solvent with units of kg/mol. Egs. 5.20 — 5.25are the
MST-based equations and reference state conversion factors contained within the summation
termsin Eq. 5.19. With values for the five fitted parameters as well as the standard partial
molar Gibbs and entropy values at the reference state for an aqueous species, Eq. 5.19 can be
used to reliably predict the apparent Gibbs energy of an aqueous species in HTHP conditions.
If coupled with solid phase standard Gibbs energy values, such as Eqg. 5.5, these values can
be used to determine solubility limits for HTHP conditions. Model parameters and
thermodynamic properties at the reference temperature and pressure have been previously

obtained for 10 aqueous species and are presented in Tables 5.2 and 5.3 [23, 24].

Table 5.2. Fitted parameters for the MST-based thermodynamic model.

Species Ajla oj/b ow/b pj/c Cj/d
Cl-(aq) 2336 2999 1372 0.000 -73.78
HCI°(aq) 0.918 0.807 0.155 1.080 -326.81

K*(aq) 0.615 5.284 1.122 0.000  -0.19



KClo(ag)  -3.499 2.999 1.372 35.637 -93.91
Na*(aq) -0.317 5.053 1.235 0.000  35.65
NaOH@aq) -2.336 5.649 2.415 22.820 -74.99
NH:(aq) 2421 2412 1423 1470 7555
NH,*(aq) 1.449 5316 1.022 0.000 53.05
OH-(aq) 0.299 2.693 2179 0.000 -89.08

SiOz%(aq) 2188 1.184 2.624 1.337 -28.68

Units: a =J / (mol bar), b= A, ¢ = Debye, d =J/ (mol K)

Table 5.3. Reference state values and charge number for the species presented in Table 5.2.

Species GY(TP) e  SP(TnBId g
Cl-(aq) -131290 56.74 -1
HCIo(aq) -134359 12356 0
K*(aq) -282462 101.04 1
KCI° (aq) -416338 9431 0
Na*(aq) -261881 58.41 1
NaOH?O (aq) -421915 1455 0
NH:%(aq) -26706 107.82 0
NH,*(aq) -79454 11117 1
OH-(aq) -157297 1071 -1
Si0,%(aq) -833411 56.48 0

Units:d =J/ (mol K), e =J/ mol

HTHP solubility and association constant predictions were compared to experimental data for

minerals that had experimental data available in the range of conditions where the HKF



model was known to fail. Quartz solubility comparisons were made between experimental
and theoretical values ranging from 150 - 500 °C for pressures of 1 - 1500 bar [31,32].
Agreement within a few percent was obtained across this range with solubility values varying
from 1 x 10-3to 30 x 103 mol kg [26]. Ammonia, hydrochloric acid, potassium chloride and
sodium hydroxide association constants were within 10% of available experimental data up
to 500 °C and 2000 bar [31]. Similarly, aluminum oxide and hydroxides (corundum and
boehmite) systems were analyzed for a range of temperatures from 25 - 600 °C with
pressures from 1 - 1000 bar [36]. Agreement in HTHP conditions was obtained between
experimental values [33] and these predictions [28] for temperatures from 300 — 600 °C ata
pressure of 1000 bar that were within the experimental uncertainty of + 25 %. The solubility
values obtained for these HTHP conditions ranged from 10 to 100 umol kg1 depending on

temperature and pressure [36,41].

5.6 Barite Solubility Models for High Temperatures and Pressures

The MST-based model presented here was used to predict the solubility of barite in water for
a wide range of temperatures and pressures. The use of this approach aims to address two
issues: (1) a lack of ion pair Gibbs energy values that reliably predicts barite solubility for
available experimental data, and (2) a thermodynamic model valid for petroleum and
hydrothermal systems not coverable by the HKF model which are relevantto energy
applications. The needed model parameters were obtained by fitting known apparent Gibbs
energy values for Ba2*(ag) and SO42-(aq). Following our previous approach for adapting
available HKF model species to our MST-based model [31], values from 0 - 300 °C with
pressures from 1 - 250 bar were used to determine the model parameters. These range of
conditions were used because the ions covered by the HKF model were clearly defined in this

region [31]. The limited amount of data available to fit BaSO4°(aq) required us to use the



same approach we used to fit other species with limited influence at ambient conditions such
as HCI%(aqg), KCI%aqg) and NaOHO9(aq) [31]. Briefly, all the experimental solubility data
available at high temperatures [28,29], where the effect of the ion-pair is expected to be most
pronounced, were used to fit the standard Gibbsenergy values of BaSO,%(aq). The values
provided by Djamali etal., 2016 and others [16,19,20] dramatically overestimated the
solubility of barite if combined with accepted Gibbs energy valuesfromthe SUPCRT92
database, so the ion pair dataset from the OLI Systems database was used as it best fit
experimental data while using ions from the internally consistent SUPCRT database. These
values were then fit to obtain the necessary model parameters. The obtained model
parameters for these species are presented in Table 5.4 and the reference thermodynamic

properties are given in Table 5.5.

Table 5.4. Fitted parameters needed to predict barite solubility using the MST-based

thermodynamic model.

Species Aila oj/b ow/b pjlc Cj/d
Ba?*(aq) -1.941 7.782 0.924 0.000 -63.85
SO4%(aq) 2.113 5.206 1.728 0.000 -167.53

BaSO,’(aq) -16.887 1.670 3.478 1.040 -75.40

Units: a = J/(mol bar), b = A, ¢ = Debye, d = J/(mol K)

Table 5.5. Reference state values and charge number for the species presented in Table 5.4.

Species GY(T,, Py/e S)(TnBJId g

Ba?*(aq) -560782 9.62 2

SO.2(aq) -744459 18.83 -2



BaSOL(aq)  -1290320 33.30 0

Units: d = J/(mol K), e =J/ mol

Significantly better agreement was obtained between the experimental data and the new
model predictions relative to model predictions by Ref. [16], Ref. [15] and OLI Systems. OLI
Systems predictions were shown as their predictions were the second closest to capturing the
solubility trends. Barite solubility values from experimental measurements and model
predictions are presented in Figure 5.4 and Figure 5.5.
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Figure 5.4: Barite solubility comparisons for P, then 500 bar at 400 °C. (e =experimental

data [15,28], e =this work, e = OLI Systems)
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Figure 5.5: Barite solubility comparisons between the MST model and experimental data for

HTHP conditions. (e =experimental data [28,29], e =this work)

As temperatures increased above 300 °C, the dominant barium-containing species switched
from Ba?*(aq) to BaSO,°(aq). In general, though the trend in solubility varies considerably
with temperature, the new model was able to follow the available data with an accuracy
within experimental uncertainty. This is particularly true because the available data sets
contained large uncertainties (> 20 %), in addition to some sizable disagreements between
sets (>200 %). Table 5.6 — Table 5.8 provide data fromthe MST model for the conditions

examined.

Table 5.6. Standard apparent partial molar Gibbs energy values from the MST -based models.

BaS0.°(aq) Ba2*(aq) S04%(aq) BaS0a(s)
t/°C P/bar
/ kJ mol-! / kJ mol-! / kJ mol-1 / kJ mol-!

0 1.0 -1290.59 -560.49 -743.70 -1358.89



25 1.0 -1290.31 -560.78 -744.46 -1362.09

50 1.0 -1292.06 -561.01 -744.76 -1365.50
75 1.0 -1295.16 -561.16 -744.65 -1369.12
100 1.0 -1299.30 -561.24 -744.14 -1372.94
125 2.3 -1304.17 -561.24 -743.24 -1376.95
150 4.8 -1309.57 -561.18 -741.92 -1381.14
175 8.9 -1315.35 -561.03 -740.18 -1385.50
200 15.5 -1321.37 -560.78 -737.93 -1390.02
225 25.5 -1327.57 -560.40 -735.08 -1394.68
250 39.7 -1333.94 -559.82 -731.47 -1399.49
275 59.4 -1340.48 -558.94 -726.80 -1404.42
300 85.8 -1347.22 -557.48 -720.49 -1409.46
325 120.0 -1354.29 -554.88 -711.33 -1414.61
350 163.4 -1362.03 -549.22 -695.48 -1419.83
400 500 -1369.50 -546.03 -687.07 -1429.40

Table 5.7. Standard apparent partial molar Gibbs energy values from the MST-based model

for HTHP conditions.

BaS0.°(aq) Ba?*(aq) S04%(aq) BaSOa(s)

t/°C P/bar
/ kJ mol-! / kJ mol-t / kJ mol-1 / kJ mol-1
189 404 -1321.38 -561.25 -738.93 -1385.97
190 904 -1323.33 -561.83 -738.73 -1383.54
247 92 -1334.14 -559.74 -731.73 -1398.62
248 522 -1335.37 -560.32 -732.89 -1396.42
249 1010 -1337.18 -560.91 -733.37 -1394.23

279 996 -1344.38 -560.31 -729.90 -1400.36



310 99 -1349.95 -555.99 -716.18 -1411.51

350 171 -1361.27 -548.28 -694.26 -1419.80
400 382 -1371.52 -537.70 -669.59 -1430.02
400 500 -1369.50 -546.03 -687.07 -1429.40
400 1070 -1368.95 -554.38 -706.93 -1426.43
400 2100 -1373.55 -557.91 -7114.74 -1421.07
500 586 -1388.76 -477.61 -561.64 -1453.04
500 914 -1385.72 -531.00 -651.62 -1451.33
500 1276 -1385.79 -543.39 -676.13 -1449.44
600 874 -1398.50 -467.58 -539.75 -1477.38
600 1084 -1398.17 -499.85 -591.16 -1476.28

Table 5.8. Comparison of MST-based model predictions to available experimental data

[15,28].

t/°C P/ bar Dsmoder / umol kg'l bs,exp/ umol kg'l

0 1 5.88 5.18
25 1 10.47 11.10
50 1 14.89 14.81
75 1 17.82 16.65
100 1.0 18.68 16.93
125 2.3 17.63 15.98
150 4.8 15.25 14.14
175 8.9 12.24 11.71
200 15.5 9.14 9.04

225 25.5 6.38 6.44



250 39.7 4.25 4.24

275 59.4 3.02 2.77
300 85.8 3.14 2.35
325 120.0 5.73 3.30
350 163.4 14.33 21.90
400 500 22.48 15.45

The considerable disagreements between measurements suggest that there are likely errors
within one or more of the studies for this system. As such, the reliability of our predictions
can be further verified if more experimental data were to become available to help us discern
which sets best represent this system.

5.7 Section Summary

Scaling and mineral precipitation in produced waters is a problem that plagues the oil, natural
gas and high enthalpy geothermal community. A thermodynamic analysis of the barite-water
system provides a means to predict if a mineral will be dissolved or precipitated in a wide
range of conditions. Predominance diagrams and speciation models provide a means to
understand how changes in solution composition impact mineral behavior for a given system.
At ambient conditions, increases in pH above 2 increases the solubility of barite from ~1 to
10 umol kg1, but further increases to pH beyond 5 had little effect. As temperature increases,
the solubility of barite in pure water increases to about 17 pmol kgt but then decreases to
about 5 umol kg1by 300 °C at saturated pressures. Available HTHP data indicate that the
solubility increases at higher temperatures and pressures again to 10s of pmol kgt at
temperatures > 300 °C. Data available indicates that the BaSO,%(aq) ion pair plays a key role
in governing the solubility limit at HTHP conditions. Therefore, a new MST -based model
was extended to provide reliable predictions of barite solubility for a wide range of conditions

by providing BaSO4°(aq), Ba2*(aq) and SO4%(aq) Gibbs energy values in HTHP conditions.
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5.10 Nomenclature

AfGO
A,GO
AGY%(T, P)
AGY(T,,Py)
GY%(T, P)
Goi(Tr, Pr)
GF (TP
GF(T, P)
Gjts
G0
G;PP
G;SS

Sl
Soj(Tr, Pr)
S]l( (TT'r PT‘)
T
T

Units
unitless
J mol1Pal
mol kg1
mol/kg
unitless
Jmol1 K1
unitless
C
J mol1
J molt
J moll
J mol1
J mol1
J mol1
J mol

J molt

J mol1
J moll
J moll
J moll
J mol1
JK1
unitless
unitless
unitless
kg mol?
mol-!
Pa
Pa
Pa
Cm
Jmol1 K-
unitless
Jmol1 K-
Jmol1 K1
K
K
°C
unitless
mol kg1
mol kg1° C1
mol kg1 °C-2
mol kg1 °C-3
J-l
unitless
unitless

Name

Species activity

Empirical short-range interaction parameter

Species concentration, molality

Standard molality

Dipole-dipole interaction parameter from MSA theory
Empirical short-range interaction parameter

(oi/ow), ratio of diameters

Elementary charge of an electron

Standard Gibbs energy of formation

Standard Gibbs energy of reaction

Apparent standard partial molar Gibbs energy

Reference standard partial molar Gibbs energy of formation
Standard partial molar Gibbs energy

Reference standard partial molar Gibbs energy

Reference molecular statistical Gibbsenergy contribution

Molecular statistical Gibbs energy contribution

Hard sphere Gibbs energy contribution

lon-dipole Gibbs energy contribution

Dipole-dipole Gibbs energy contribution

Standard state solution density Gibbs energy contribution
Standard state unit molality Gibbs energy contribution
Boltzmann’s constant

lon activity product

Equilibrium constant

Solubility product constant

Molar mass of solvent

Avogadro’s number

Reference pressure

Ideal gas reference state pressure

Pressure

MST model parameter, solute dipole moment

Molar gas constant

Scaling index

Reference standard partial molar entropy

Reference molecular statistical entropy contribution

Reference temperature

Thermodynamic temperature

Temperature

Charge number of an ion

Empirical parameter, barite solubility equation
Empirical parameter, barite solubility equation
Empirical parameter, barite solubility equation
Empirical parameter, barite solubility equation
Thermodynamic beta, MST theory

(1+bo/3), Wertheim equation parameter
(1-b2/6),Wertheim equation parameter



B12 unitless (1+b,/12), Wertheim equation parameter
Yi unitless Species activity coefficient

€ unitless Permittivity of water

n unitless (ntow*n/6), Hard sphere equation parameter
) kg m-3 Density of water

Oj m MST model parameter, solute diameter

Ow m MST model parameter, solvent diameter
Q unitless Scaling tendency
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