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ABSTRACT. Methanol is a common industrial solvent and is added to water to enhance hydrocarbon
solubility and to prevent solid hydrate from forming, as well as other applications. One of the side
effects of methanol addition to water is to greatly reduce the solubility of ionic solids, particularly
divaent solids. The effect of methanol on ionic solubility has been reported for only few isolated
conditions. A self-consistent activity model is proposed to describe the effect of methanol on carbonate
equilibrium and calcite solubility in gas/methanol/water/salt solutions. The model is semi-empirical in
nature, which uses the Pitzer theory to model the effect of salt and a Born-type equation to model the
effect of methanol. The model parameters are derived from experimental studies at 0-3 mionic strength,
4-25 °C, and 0 - 0.75 mole fraction methanol. The experimentally determined methanol activity
coefficients, with respect to dissolved CO,, bicarbonate, carbonate, and calcium, are determined as a

function of temperature and ionic strength. Excellent agreements between the model predictions and
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experimental results are presented. From model predictions, significant scaling problems can be

anticipated with as low as 20% (by volume) of methanol.

I ntroduction

Methanol is one of the most common industrial solvents. It isused in many industrial, household and
environmental applications. In oil and gas industries, methanol is often used to inhibit gas hydrate
formation during production. Gas hydrate is a crystalline solid consisting of gas molecules surrounded
by a cage of water molecules, which forms at certain high pressure and low temperature regimes. In
deep ocean waters, massive amounts of natural gas is trapped and cold water hydrates are also being
studied as a method of CO, sequestration. Gas hydrate formation is particularly troublesome for
offshore gas wells where the producing temperature is low due to both adiabatic expansion of gas and
seawater cooling. Once gas hydrate forms, it can plug up the well and prevent further production. One
economic solution to prevent hydrate formation is to inject a large quantity of methanol. However,
methanol may cause adverse scaling problems in the associated brine solution, which often contains
high concentrations of dissolved minerals. The solubility of these mineral salts can be severely reduced
in the presence of methanal.

Thereislittle research on the solubility of mineral salts in methanol/water/salt solutions. The problem
concerning activity effects in alcohol/water/salt mixture is very complex*?. Conventionally, the non-
ideal behavior of an agueous solution due to the presence of salt is modeled with the concept of activity
effects, e.g, Pitzer theory of specific ion interactions’. A generally accepted relationship is well
established for describing single-ion activity coefficients and the corresponding parameters.
Unfortunately, thisis not the case for the treatment of solutions containing nonelectrolytes. Only limited
sets of Pitzer parameters for nonelectrolytes are reported in the literature®®. There is not a known set of
Pitzer parameters for the binary and ternary interaction between ions and nonelectrolytes, especially
when the mole fraction of nonelectrolyteislarge.

The formula for the activity coefficients of electrolyte solutions is integrated via the Gibbs-Duhem

eguations from infinite dilution in pure water to the ionic strength and concentration of the final
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solution, i.e., the reference state is. a molality (moles of solute/kg of water) concentration scale
referenced to pure water. As Bates ' emphasized, the goal is to use a single reference state of pure water
for al ions and compositions; if this could be done, ionic equilibrium constants would only be a
function of temperature and nonaqueous solvent effects would all be treated as activity coefficient
correction. The approach used here is similar to that of Chen et al®. An excellent discussion of Chen's
model was presented in Tester and Modell”.

Extending the concept of activity effects to mixed solvents, the “reference state” for activity
coefficients has to be reexamined’. When both alcohol and salt water are present in the solution, the
overall activity coefficient for an ion, or the free energy change of the ion due to solution composition,

can be written as follows;

AG* =RTINY yqu
=AGy, +AGZ; (1
=RTIny,,, + RTInyg,

where AG® is the molar excess free energy change due to overall change in solution composition from

pure water to alcohol/water and then to salt solution in the acohol/water mixture. AGY;, and
AGZ,, are the molar excess free energy changes for the reference state ion transfer from pure water to

pure alcohol/water mixture and from alcohol/water mixture to acohol/water/salt solution and y4,, and

Ysat are the corresponding activity coefficients. The fundamental problem is that, to date, there is no
theory that can be used to calculate the free energy of transfer of an ion from pure water to the pure
a cohol/water mixed solvent (See Bates or Stokes and Robinson for a discussion of these effects)™®. The
primary difficulty that prevents using a single pure-water reference state arises from attempting to
calculate the free energy change for the reference state proton ion, H*, from pure water to the pure
alcohol/water mixture. Since the pure-water reference state is most commonly used for the
thermodynamic properties of aqueous electrolyte solutions, a semi-empirical approach is proposed that

incorporates the alcohol effect in the standard pure-water reference state.



To understand the solubility of calcite, the carbon dioxide partitioning and carbonic acid dissociation

chemistry must be understood. In this paper, the influence of salt on ion activity is estimated from

ex

Pitzer's theory of ion interaction. The free energy change, AGyY;, , is estimated from a Born-type

equation for electrostatics, based upon the difference in the dielectric constant, etc., for the two
solutions. The Born equation is strictly approximate at all alcohol concentrations, but at greater than 50
to 80 %, w/w alcohol, the error can increase substantially®, and therefore, the Born equation (listed
below) is used only as a model template to suggest a semi-empirica functional form. The
reasonableness of this assumption lies in how well it is able to represent the solution chemistry of
species of interest as a function of salt, methanol, composition, and temperature. A rationae for this
assumption can be found in any of several texts on the molecular nature of ions in mixed al cohol/water
solutions in that the water is selectively concentrated around theions >"%.

Self-Consistent Activity Coefficientsin Alcohol/water/salt

A self-consistent set of activity coefficient-type equations for mineral ions of interest to oil field brine
versus salt and methanol concentration is proposed. First, it is assumed that, in each case, yoveral = 17" ;
where y® is the activity coefficient due to the salt effect in water and y" is the activity coefficient due to

the alcohol effect. For example, it is assumed that the activity coefficient of agueous carbon dioxide,

Y co, . CAN be written as a product of the effect of salt and of neutral methanol, y Oy = Yioz,aq Y Qozyaq.

The value of y° is calculated by conventional methods for activity coefficients, e.g., the Pitzer theory,
with all concentration units as “agueous molality,” (moles of solute) per (kilogram of water). The term,
vV, is a curve fitted parameter obtained using an equation similar to the Born equation. The
concentration of all agqueous species is expressed in units of agueous molality (moles’kg of water). Itis
important to emphasize that all concentrations are expressed as moles per kilogram of water, even in the
presence of a substantial quantities of methanol; thisis as required for conventional activity coefficient
calculations, e.g., Pitzer theory, which uses pure water as the reference state in all conditions. Note that

the pH response of a glass electrode in a mixed solvent has to be corrected for medium effect due to



methanol and salt by an alcohol-specific correction term (8) and a salt correction term for the junction
potential (ApH;) -°.

The following equations illustrate the activity coefficient relationships; the numerical values are at 25

°C and 1 atm™;
K =10_1'47 mold _ aCOZ,aq _ [COZBQ] : YCOZ,aq _ [COZaq] ’ Yioz,g ’ YQOZ (2
" am fCOZ,g I:)cog,g “Yco,.g PCOQ,g “Yco,.g
_(pHmaefreading+Aij_8) - _(pHmaer reeding+Aij_6) - S N
K. —10-5% _ a,. -8, _ 10 -[HCO;] Yoo _ 10 .[|-|c;03].YHCOE Y iico,
' Aco, a [COZ,aq] *Yco,.a [Coz,aq] 'Yioz,aq 'Ygoz,aq
3
_(pHmeterrmdmg*Aij_é) 2— _(pHmaerree(jlng+Aij_8) 2— S N
K _qgios _ 2w B 10 1COs 1vgyy 10 1COs 1Y Yoor
27 - - - - - s
%005 [HCO;]- Vhco; [HCO;] “Vhco; 'yzcog
(4

Ko =10"% = Qg "oz =[Ca™] "V ear [CO7] Yoz =[Ca2+]-yia2+ '7ga2+ '[Coé_]'yio? 'ygoé’
(5

where [] represents the concentration of each species in moles of solute per kg of water and P, ,in
unit of atm. Note that 1 atm = 1.03 bar. When solution phase total calcium concentration is large (e.g.,
0.1 m, or greater) and in substantial methanol concentration (>0.4 mole fraction), it is necessary to
include a stability constant for CaHCOj ion pair formation - see below. The value of y, , in Eq. 2
can be calculated using an equation of state for carbon dioxide, but at room temperature and pressure it
can be taken to be one (1.00). PHmeter reading iN EQs. 3 and 4 refers to the observed pH response in the
mixed solvent when the pH electrode has been calibrated using normal agueous buffers®. The term a;+
refers to the activity of the hydrogen ion in the mixed solvent. Since no practical method has yet been
devised to convert mixed solvent a;+ into pure water activities, a,,. , the constants in Egs. 2-5 must be

regarded as "mixed" or semi-empirical constants and their usefulness should be judged by how well

they can be used to calculate measurable quantities, such as calcite solubility in mixed solvents and



salts. The value of a*H+ in amixed solvent in the presence of salt can be related to the pH-meter reading
taken with a glass electrode, as suggested by Bates'.

—log(@a,,. ) = PH et reating + APH | =8 yeon (6
where “ pH o reaing” 1S the meter reading when the glass electrode has been calibrated against normal
aquatic NIST standard buffers, ApH; is the salt correction (see below); and 3,,.,, IS the mixed-solvent
correction term suggested by Bates. In the absence of methanol, — Iog(a:*) is ssimply the solution pH.

The ApH; term is the correction term to represent the changes in electrode response due to the presence
of salt. The magnitude of ApH; is between 0.07 to 0.23 for a salinity of 0.1 to 3 m NaCl solution (see
Results and Discussion section for detail). dyv.on iS the correction term used to represent the changes in
electrode response due to methanol, which is less than 0.1 pH unit when methanol concentration is less
than 40% by weight. In this paper, ApH; and 3,,.,, are assumed to be independent of temperature.

It is often more convenient to work with the corresponding "conditional” equilibrium constants wherein

all activity coefficient are set equal to unity, except for the hydrogen ion.

Ky =[CO; ]/ Peo, ¢ (7
K, =a. -[HCO;]/[CO, ] (8
K, =a,. -[CO3]/[HCO;] (9
K, =[Ca*]-[CO%] (10

K CHCO: _ [CaHCOZ ]
s [Ca®]-[HCO;]

(11

Normally (as is done in this work), the hydrogen ion term is left as an activity-based term, because

that is directly related to what the pH meter reads.
The conditional stability constant of CaHCO;, (K $*'° ) is determined from the Fuoss theory of ion

pair formation®. Eq. 12 is modified from that of Morel and Hering ** for outer-sphere complexes,



" [ca¥]-[HCO;] 3 4re ckTa Ame (eKT (1+ Ka)
where [], in this equation, represent concentration in units of moles of solute/Kg of solvent, zy and z_
are charges of cation and ligand, e is the elementary charge (=1.6x10*° coulomb), N is the Avogadro
constant (= 6.02x10% mol™Y), k is the Boltzmann constant (1.38x10% JK™), ¢ is the vacuum
permittivity (= 8.854x102J%.C>m™), ¢ is the unitless dielectric constant of the mixed solvent, | is the
ionic strength of the mixed solution (moles/Kg solvent) and "a" is the distance of closest approach (a=

2.4 x 10°m, see below) and « is the Debye-Hiickel ion atmosphere parameter:
2000e*NI )" (2000e*NY)"" (1 )*°
eoekT oK eT
The CaHCO; stability constant in water (K$*'°% = 13.3 at | = 0), calculated from Eq. 12 with the

above constants is similar to that reported by Plummer and Busenberg *2.
Experimental Section

In the following, the experimental procedures used to determine the activity coefficients of methanol

(Y0, 1 Viico. + Veoz  Yeu ) &€ briefly discussed.  The experiments were systematically varied over a

wide range of parameters, i.e., 0-3 m NaCl, 0-0.75 mole fraction methanol, and 4-25 °C temperature.
Specific parameters for each experiment are listed in the Tables 1-7 in the Results and Discussion
section. The experimental procedures were first tested in duplicate and triplicate with 0 - 1 M NaCl as
background electrolyte in the absence of methanol. Excellent reproducibility was observed for all
procedures and the data are consistent with that reported in the literature (See results section).

Carbon dioxide partition in gag/liquid (methanol/water/salt) phases. The partition of CO, between
the gas phase and a liquid phase, consisted of methanol/water/salt solution, was determined by
measuring the pressure changes upon the addition of HCI (1 N) to a methanol/salt solution containing a
fixed concentration of bicarbonate. Approximately 100 g of solution containing various concentrations

of methanol, NaCl, and water was added to areaction bottle. The solution also contained approximately



4 mm NaHCOs;. The reaction bottle was a ~305 ml Pyrex bottle capped with an open-top cap, a
stainless steel septum and rubber gasket (Columbia Instrument). The stainless steel septum was
connected to a digital pressure gauge (Omega Engineering M3359, + 15 psig, 0.25% accuracy, full
scale) and an acid injection port viaa 1/8" PFA tubing and a ball valve (Swagelok). At the beginning of
the experiment, the bottle was evacuated to a sub-ambient pressure (~0.5 psia) to allow water and
methanol to saturate the gas phase. The pressure of the gas phase was re-established at ~7 psia by
allowing some influx of air. The reaction bottle was then submerged completely into a jacketed water
bath and the bath was connected to a heat/refrigeration circulator (Neslab) and monitored for 30 minutes
to establish a constant background pressure. The jacketed water bath was positioned on top of a
magnetic stirring motor for continuous mixing. A small aliquot of HCI (1 N) was then injected into the
bottle via the injection port to a final concentration of ~5 mm, followed by 1 ml DI water to rinse the
injection tubing. The pH of the mixed solution is between 1.7-2.8 pH. The effect of pressure increase
due to added liquid volume was corrected from the pressure reading. The net pressure changes due to
CO,, dissolution were recorded after the acid/bicarbonate reaction reached equilibrium, in less than 1.5
hrs.

Carbonic acid dissociation in methanol/water/salt solution. The bicarbonate equilibrium chemistry
was determined by measuring pH of a solution containing approximately equal concentrations of
dissolved CO, and bicarbonate in a closed bottle with negligible headspace. A 250 ml glass bottle,
fitted with a Teflon-faced (24 mm) septa and screw cap, was used. In the center of the septa, a hole
(~10 mm ID) was cut to accommodate an Orion Ross® combination electrode. A needle size vent hole
was inserted in the septa to prevent pressure built-up, yet avoid convective gas exchange. At the
beginning of the experiment, methanol and NaCl-NaHCO; solutions were degassed and weighed into
the bottle before the bottle was capped. High purity NaCl (99.999%, Sigma) was used. A known
guantity of HCI (1N), equivalent to afina concentration of ~5 mm, was injected into the closed bottle
with a syringe and stirred. The pH of the solution was recorded after it reached a constant pH in a few

minutes. The solution phase concentration of neutral carbon dioxide was kept sufficiently low that free

8



phase gas bubbles would not form spontaneousdly, i.e., the solution phase bubble point was always less
than one atmosphere.

Similarly, the carbonate equilibrium chemistry was determined by measuring the pH of a solution
containing approximately equal concentrations of bicarbonate and carbonate in a closed bottle with
negligible headspace. At the beginning of the experiment, methanol and NaCl-NaHCO; were degassed
and weighed into the bottle before the bottle was capped. A known quantity of NaOH (1.0 N),
equivalent to a final concentration of ~ 5 mm, was added into the closed bottle with constant stirring.
The pH of the solution was recorded after it reached a constant pH value, within afew minutes.

Solubility of calcite in methanol/water/salt solution (no gas phase). In these experiments, a serum
bottle, containing 0.5 g CaCO; salt, was filled with a salt solution containing methanol (0-0.8 mole
fraction), water, NaCl (1-3 m), and NaHCOs (0.02 m). The solution was then acidified with a known
amount of approximately 0.02 m HCI. After one day of thorough mixing, an aliquot of the solution was
filtered with a0.2 um filter (Acrodisc polysulfone membrane filter) and analyzed for Ca concentration.

Solubility of calcite in methanol/salt solution (with gas phase). These experiments were done using
the same reaction bottle as described in CO, partition experiments. At the beginning of the experiment,
excess CaCOs (1 g) was added to the reaction bottle containing 200 g solution of either (A) methanol
(0-0.3 mole fraction), water, NaCl (1 m), NaHCO; (0.04 m) or (B) Methanol (0.16 mole fraction),
water, NaCl (1 m), and CaCl,-2H,O (0.1 m). First, the bottle was evacuated to a sub-ambient
background pressure using the same procedure as discussed in the CO, partition experiment. After the
background pressure was established, an aliquot of 1IN HC| was added to the reaction bottle to cause
calcium carbonate dissolution. After ~20 hours equilibrium time, the pressure change was determined.
The bottle was opened and as a quality control check the pH of the solution was immediately measured
(less than 10 sec.). The solution was then transferred to a 140 ml syringe and filtered through a 0.2 um
filter to separate undissolved CaCOj3; from solution. Total calcium and bicarbonate concentrations of the

filtered solution were measured.



Medium effect on an Orion-Ross combination pH electrode. In this research, the differences in
junction potential of an Orion Ross® combination pH electrode, in solutions of high salinity versus
buffer standards, were measured. The electrode was first calibrated with 0.05 M phthalate and 0.01 M
borax standard solutions. The experiments were done by measuring the EMF of ~1.10° m HCl in
solutions of 0 - 3 m NaCl, where the high purity NaCl (99.999%, Sigma) was used. Similarly, the effect
of methanol (52.1%, w/w) on the pH of a borax solution (4.996 mM borax and 9.992 mM KCI) was
measured and compared with the literature value.

Ca and bicarbonate analysis. Solution phase total Ca concentration was determined by EDTA (0.8
N) titration to a Calmagite end point (HACH). Total bicarbonate concentration was determined by
titrating the solution with 1.6 N H,SO4 to 3.5pH. The bicarbonate concentration is determined from the
concentration of H,SO,4 needed to reach the titration end point. No interference from methanol was
observed for either total Ca or bicarbonate analysis. The error of duplicate analyses is generally less
than 2%.

Data Inter pretation

In principle, the free energy of transfer from a solution of one dielectric constant to another dielectric

constant (AGaw = AGy) can be calculated via the Born equation and thisin turn is the primary medium-

effect activity coefficient, yam®":

o N.zZ2-e*-10™( 1 1
AG’al/.w =RTIn(YaI/W)= [ -

](J/mole) (14
8-m-r-g,

Caiw  Cw

where z; is the ion charge, T is temperature (°K), r is the ion radius (Z\), ey and g, are the

dimensionless dielectric constant of the mixed solvent and water, respectively. It is observed that

1 1. . . .
[ ——] is a second order function of methanol concentration as mole fraction, X |, .. (r> =0.999)-

SaI/w 8w

For methanol, Eq 15 can be derived from Eq. 14:

log(yy,,) = AG, /(2.303-R-T)

2 (15
—3.628-10° -rz—'T(o.0115- X0 +0.0068- X2, )
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The functional form of Eq. 15 (1ogy),,, = a-Xeon + D X0 ) Will be used to correlate al y" values

to methanol concentration. The ionic radius is assumed to be unchanged at different methanol
concentrations. Experimentally, the first term represents the majority of the observed data up to about
0.3X,,,0- At higher methanol concentrations, it has been demonstrated that the experimental data often
deviates from the prediction of Born equation*®*3, In this study, it has been shown that, at high
methanol concentrations, some activity coefficients increase and some decrease, and both can be
represented with a second term, quadratic in Xyeon.

Interpretation of carbon dioxide partition data. By assuming the conservation of CO, mass and

assuming CO; o is the only solution species, ygozm can be calculated by rearranging Eq. 2:

Ygoz,aq =Ky 'Pcoz,g 'Ycoz,g/{[coz,aq] 'Yioz,aq} (16
At any particular methanol and salt concentration all the terms on the right hand side of equation 16 are
either known (Ky and v, ,=1.00), measured (Pcoz and [CO,, aq]), or calculated (yf:ozyaqfrom Pitzer
theory). After v¢,, , a various methanol concentrations was determined, the activity coefficients were

correlated to the methanol concentrations using PSI-Plot statistical software .

I nterpretation of carbonic acid dissociation data. By measuring total carbonate and pH vs. methanol

and salt concentrations, the value of activity coefficient effect due to methanol, yﬂcog , can be calculated
by rearranging Eq. 3:

Yoo, = Ki-[C0]- 20,0 Y80, 2 {10 ™™ - [HCOL 1 750, } (17
Similarly, by measuring total carbonate and pH vs. methanol and salt concentrations, the value of
activity coefficient effect due to methanol, Y?:logf , can be calculated from Eq. 4:

Yoo =Kz [HCOG1 15y Vheo, 207 [COTT 13, } (18

Interpretation of calcite solubility experiments-closed system. In these experiments, the total

carbonate concentration (T, ) isequal to the sum of added NaHCO; and carbonate that dissolved from
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calcite. The Caand bicarbonate concentrations are low enough that CaHCO, complex formation can be

ignored, see below. By carbonate mass balance, it can be shown that the concentration of carbonate and

bicarbonate are functions of K1, K5, activity coefficients and hydrogen ion activity (Eq. 19 and 20).

Teo, =[CO, ] +[HCO;]1+[CO% | =T&,, +[Ca*]

(19
[CO?] = Tco3 f

* S N
-f “@,.Y cosY cos

T
[HCO;] = —= (20

s N
2" HcosY Heos

* 2 * .
where f :]/{aH+ Y(S:osygos/KlKzYizcosyuzcos + aH+Y§03Y203/K2YE10037 heos T3 and Tco, is the total
bicarbonate concentration added to the solution at the beginning of the experiment. From the charge

balance equation, the following equation can be used to find the hydrogen ion activity (a,. ) that would

satisfied Eq. 21.
[Na"]+2[Ca*]+[H"]-[CI"]-[HCO;]-2[CO; ]-[OH] (21
=[Na"]+2[Ca*"] + a,. —[CI"]-Tg, -f '{aL+Y203Y203/K2Ya0037 Heos +2 =0
Where both [H'] and [OH] are negligibly small. Once a;,. isdetermined, v .. can be calculated.
Ver =Ko ACR" 175, [COT T v5g 7ece } (22

Calcite solubility in the presence of a gas phase. In the calcite dissolution experiments with a gas
phase present, the initial condition was used to predict the reaction endpoint with Egs. 2-19. In these
experiments, the Tc, was often large enough to expect significant ion pair formation. The total calcium

concentration measured at the end of the experiment is equal to the calcium concentration of the initialy

added solution ([ TZ,]) and that dissolved from calcite ([Mcacite], Moles of calcite dissolved/Kg H,O) and
it is also equal to the sum of Ca?* and CaHCO;, in the solution after equilibrium, i.e.,

[T&] + [Meacitdl = [Ca*] + [ CaHCO;]. (23

12



Similarly, the total carbonate concentration is equal to the bicarbonate concentration of the added
solution ([ T&,, ]) and that dissolved from calcite ([Mcacite]) and it is also equal to the sum of al CO;
species in both the gas phase and liquid phase:

[T&o,]+ [Meacite] =[COz, gl +[CO, 4] +[HCO;] +[CO ] +[CaHCO;] (24
where [CO,, ] on the right hand side is given by [COp, ¢ = Py, ,V, /(RTm,, o) and m,, , is the mass
of water (Kg). The charge balance of the system dictates that

[Na'] - [CI] + 2[Ca®*] + [ CaHCO}] - [HCO;] - 2[COZ ] + [H'] - [OH] =0 (25

From the mass balance and the charge balance equations the values of R, , and a,. can be calculated

from initial condition values, i.e, [Tc,], [T, ], [Na'], [CI]. Once Peo,, @nd a . are calculated, the

concentrations of all other species in solution can be calculated and this permits several quality control
checks to be performed.

Results and Discussion

Medium effect on pH measurement. In this study, an Orion Ross® combination electrode calibrated
with the NBS pH standards was used to measure pH. When pH is measured with this type of electrode,
the measured pH has to be corrected for the difference in the electrode responses in different solution
media. First the methanol correction term of Bates™ was confirmed in the laboratory by measuring the
pH of a solution containing 47.9% (w/w) of a borax solution (4.996 mM borax and 9.992 mM KCl) and
52.1% (w/w) methanol. The pH meter was calibrated against the phosphate (pH = 6.86 @ 25°C) and

borax buffer (pH = 9.18 @ 25 °C) standards with a combination Ross electrode. The pH meter reading

was pH = 9.563. After correcting by & =0.13 at Xweon = 0.36, pa;, = 9.433, which compares very well
to the literature value for this solution (pa;+ = 9.432°%). Even though this approach of using know

agueous buffers reproduces reported non agueous buffer values to + 0.001 pH, it should be noted the

nonagueous buffer pH™ standards are also available®. Alternatively, pa; may be measured via a

13



hydrogen electrode’™". Eq. 26 is curve fitted from the & terms given as a function of methanol mole
fraction using the datain Bates':
8 = XZyeon - |- 0.0897 - exp(3.262- X2 0,) +1.309- exp(—4.008- X3, )} 1 =0.9999 (26

The effect of salt on electrode response is evaluated by measuring the pH of a series of solutions
containing a fixed concentration of HCI, typically about 10° m HCI, and various concentrations of
NaCl. When the only variable of these solutions is NaCl concentration, the change in junction potential

(AE;) isafunction of the difference in EMF measurements and the hydrogen ion activity coefficients of

the different solutions (Eq. 27).

. 2303RT OmNaCl S. 2303RT |Og’YmeaCI _ EOm NaCl + Elm NaCl (27

AE;(xmNaCl) =s h = "

logy

where F is the Faraday constant, R is the gas constant (moleJ*°K™), T is temperature (°K), sis the ratio

of the electrode response to the theoretical Nearnst slope (=2.303RT/F) determined using standard

buffers (typically, s=0.98 to 1.00) and y;""*,y*™* are the hydrogen ion activity coefficientsin 0 and

Ht

x m NaCl solutions. Note that ApH;in Egs. 3 and 4 is derived from AE,, as shown in Eq. 28.

AE,
APH = ——— L (28
s-2.303RT/F

In Table 1 is listed the EMF measurements of six HCI solutions containing various amount of NaCl,

xmNaCl

“™NC' calculated from Pitzer coefficients. The AE; values of this study are consistent with others'®.

and y

Asshown in Table 1, the pH response of an electrode in a high salinity solution can be in error by up to
afew tenths of apH unit.

CO, partition, carbonate chemistry, and calcite solubility in the absence of methanol. To confirm
that the experimental procedure would yield true equilibrium conditions, control experiments were
conducted in the absence of methanol and the data were compared with the literature reported
equilibrium constants of pKy, pK1, pK2, and pKg. In Table 2 is listed the initial experimental conditions

(T, and NaCl, NaHCQO;, HCI, and CaCOs concentrations), the measurements (P, ,, pH, ca™), and
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calculated activity coefficients from Pitzer theory. Also listed in Table 2 are the conditional equilibrium
constants (pK ,;, pK;, pK ,,and pK, ). The observed pK' values are quite reasonable as compared with
literature reported values (e.g., pK, =1.51, pK, = 6.04,pK, =9.57,andpK _, =6.93 in 1 m NaClO, at
25 °C)™. In the last three columns of the table are listed: 1. the "experimental” pK values, 2. the
thermodynamic pK values and 3.the deviation between the two values (A = thermodynamic pK values -
experimentally determined pK values). The "experimental” pK values are that calculated from Egs. 2-5
using the measured parameters and Pitzer activity coefficients withy" = 1, since no methanol was added
to these solutions. The thermodynamic pK values at different temperatures are from that of Langmuir®.
As shown in Table 2, experimentally determined pK values compare closely to the thermodynamic pK
values with mean standard deviation of the errors (A) less than + 0.04. Both the temperature and ionic
strength dependence of the experimental results agreed with literature values and Pitzer activity
coefficient corrections.

CO; partition, carbonate chemistry, and calcite solubility in the presence of methanol. In Tables 3-6
are listed the experimental conditions and results of CO, partitioning, carbonic acid dissociation and

calcite dissolution experiments at various temperatures in the presence of various amounts of methanol

and NaCl. Overall, added methanol increases the CO, partition into the agueous phase, while it

decreases carbonic acid dissociation and calcite solubility. For example, pK ,, decreases by 1.2 log-units
between 0 to 0.67 mole fraction methanol; pK, increases by 1.8 log-units between 0 and 0.75 mole
fraction methanol; pK, increases by 1.3 log-units between 0 and 0.85 mole fraction methanol; and

pK'Spincreas&s by 2.6 log-units between 0 and 0.76 mole fraction methanol at 25 C and 1 m I. For the

same range of conditions, the correspondi ngy(’\‘:Ozaq varies from 1 to 0.06; VEco* varies from 1 to 2;

Vgozf varies from 1 to 40; and y(“:'aﬂ varies from 1 to 11. While there are no literature data available

regarding the carbonic acid dissociation and calcite solubility in alcohol/water solutions, there are two

21,22

reports on CO, solubility in alcohol/water . The literature data are in unit of Bunsen absorption
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coefficients. After converting the datato pK ,,, our data are in good agreement with the literature results
(SeeFigure 1).

In Figures 2 are plotted pK,,, pK, pK ,, and pK ., versus the methanol concentrations, where the solid
and open squares are at 1 m |, the solid and open triangles are at 3 m | and the solid and open circles are
at 2ml. In al plots, the solid symbols are the 25 °C data and the open symbols are the 4 °C data, with

all ion concentrations set by using molality standard state in water and methanol concentration in mole

fraction of methanol on methanol/water basis (i.e., salt concentration is not included in Xy 1eon
calculation). As discussed earlier, the differences in pK' values at x,,, = O reflects the expected

temperature and ionic strength dependence and can be corrected with Pitzer activity coefficient and
temperature dependence of the equilibrium constants. If the lines in Figure 2 are parallel to each other,

no additional T and | correction is needed for methanol activity term. Interestingly, the lines in the plots

of pK,,pK,,andpK, are nearly parallel to each other, while there is a stronger dependence of pK

with both temperature and ionic strength.

When the experimentally determined values of ygom,yg‘co,,ygoz,,and Vo are correlated with

methanol concentration using the functional form of Eg. 15, the following four equations are obtained:

l0g(7, ) = {~6.029+1444.9/ T("K) | X yeops ~L.170- Xzsrs r=0.995 (29

One standard deviations for the three parameters are 0.612, 175.4, and 0.135, respectively.

10g(1 1o, ) = {3:338+ 9559/ T('K) | X yon + 0.565- Xy r = 0.849 (30

One standard deviations for the three parameters are 0.929, 260.8, and 0.211, respectively. Note that

even though the fit is not as good, it appears that the error in each Iog(y:‘ . ) isabout +0.05to +0.1 (see

Table 4).

log(y e ) = {-1.957+1580.9/ T("K)} X yeon —1.601- X2, r = 0.994 (31

One standard deviations for the three parameters are 0.520, 150.9, and 0.097, respectively.
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log(y".,. ) = 119.343 - 4714.2/ T('K) — 0.333- 1 |- Xe0, — 2.519- X2, 0, r =0.967 (32
One standard deviations for the four parameters are 0.861, 247.2, 0.0316 and 0.189, respectively.

In Figure 3 is plotted the log(v¢o, ), 10g(y Ecog ), Iog(ygog, ),andlog(y_.,..) calculated from Egs. 29-

32 versus that determined from experimental measurement using Egs. 16-18, and 22. The correlations

between the calculated and observedlog(ygozvaq),Iog(yg‘oz,),andlog(y(“:‘aa) are excellent with no

systematic deviation of any set of temperature and ionic strength data. The correlation for the calculated

and observedlog(yﬂcoé) is not as good, but the total variation in '09(Vzc05) is small. Note that the
value of the methanol-effect activity coefficient for bicarbonate (yﬂcoé) is derived from fitting the
experimental datato Eq. 3 and 17 , which contains the quotient (y(N:om / y zcog ). The deviation in VECOg
appears larger because the total variation in Iog(yﬂcoé) is smaller than |og(ygom) and yet the two are

directly coupled as a quotient, see Eq. 3. Note that pK; and pK ,, have similar but opposite dependence
on methanol concentration. In eg.17, most of the correction needed for pK is accounted by the variation

in y@om and therefore, the values of vﬂco; are closer to one. Even so, there is no systematic error in

Iog(y Ecog ) in all four sets of temperature and ionic strength data.

Self-consistency of the proposed activity coefficients in alcohol/water/salt solution - a critical test.
In Table 7 is listed the experimental conditions (top seven rows) and analysis results (bottom seven
rows) of the calcite dissolution experiments in the presence of a gas phase. As explained in the Data
Interpretation section, the end products of these calcite dissolution experiments can be predicted,
apriori, frominitial conditions via the proposed model as would be done in an application. Therefore, a
comparison of experimental results to calculations via Egs. 23 to 25 provides an independent validation

of our activity model. Both measured and calculated reaction end products are compared. All four

measured parameters (P, o, Tca, Theo,» and pa*H+) compare well with the calculated values. Typical
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errors between the calculated values to the measured values are less than 5%, except for the bicarbonate
concentration of Exp. 4 (8%).

Often, the activity model is used to predict whether the ions in the solution will form scale, this is
done using the supersaturation index (Sl), where Sl is defined as the logarithm of the ratio of ion

activity product to calcite solubility product, Eq. 33.

2 2

[Ca™ 1-[HCO;1* ¥ *Yea " Tico, *Vhcos Ko (33

PCOZ,g “Yco,,g° Ky K- Ksp

Sl =log

In Eq. 33, the Sl is determined from measured Tca, Ty, AP, , Vaues. Sl can also be calculated
from the Tca, Tyeo,, and pa,,. valuesor Tca, Py o, and pa,.. However, pa . based Sl values are
typicaly less accurate than P, , based Sl since P, , can be more accurately measured than pa*w .In

Eq. 33, al y° values are determined by ScaleSoftPitzer® and y™ values are from Egs. 29 and 32. For the
four experiments in Table 7, the theoretical SI should be equal to 0 since the solution is at equilibrium
with calcite. The deviation of the reported Sl values from zero (0.00) is a good estimate of the overall
error expected for scale prediction using this model. When y" values calculated from Egs. 29 and 32 are
used to determine Sl, the experimental S| values deviate from theoretical values by -0.08 to 0.1 Sl unit.
These deviations from zero are similar to what is typically obtained in the absence of methanol, again
supporting the overall model approach and experimental results.

Field implication. The potential impact of methanol on calcite scale formation in realistic field
conditions of a natural gas producing well can be illustrated with the following example using the scale-
prediction software specifically written for oil field application (ScaleSoftPitzer®). Egs. 29-32 has been
incorporated into ScaleSoftPitzer® V.4.0. Details of the software, which is a Microsoft Excel® program,
have been discussed in earlier papers by the authors™®*. Prediction of scaling in the presence of
methanol has been simulated for a typical set of well conditions: the produced brine is assumed to
contain 4,750 mg/L Ca, 840 mg/L bicarbonate alkalinity, 71,779 mg/L total dissolved solids (total molar
ionic strength), equilibrated with 1% CO; in the gas phase, at 55 °%F and 2,940 psig pressure. These
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conditions made the brine near saturation in the absence of methanol (See Figure 4). In Figure 4 is
plotted the predicted change in saturation index of calcite versus the methanol concentration (% vol).
The simulation shows that a significant amount of calcite will precipitate in the presence of as little as
20% methanol (by volume) in the system.

Eqgs 29 to 32 can be used in conjunction with any other scale prediction equations or softwares. In
Figure 5 is a nomogram, to estimate the y" values and dielectric constant of the solvent for any
methanol concentrations (vol%, wt%, mole fraction). The nomograms are calculated for 1 m | and 25
°C. For example, to determine the y" -values at 50 vol% methanol concentration, draw a horizontal line
from the 50% mark on the lower Y-axis to intercept curved Line 1, i.e., the vol% vs. mole fraction
curve. Then, draw avertical line through the intercept of the horizontal line and Line 1. The intercept of

the vertical line and X-axis shows the corresponding mole fraction of methanol. The intercepts of the

vertical line through curved Lines 2-7 yield the corresponding methanol concentration in wt%,

dimensionless dielectric constant (¢), Y<N:ozaq » Voo Ve » @ yS . values, respectively. Figure 5 can

also serve as an estimate of y" values for other conditions, since the temperature and ionic strength

dependence of y"-values are relatively small. Combining y" with common activity coefficient

calculations for the electrolytes, the solubility and saturation index of calcite at different methanol

concentrations can be predicted.
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Table 1. EMF measurements of six solutions which contain HCl (0.919 mM) and various NaCl

concentrations, all at 25 °C.

NaCl ijnNaC' a EMF AEj A pH;
H

(m) (mv) (mv)

0.000 0.991 233.7 0.00 0.00
0.100 0.803 232.3 3.95 0.07
0.500 0.792 234.2 6.21 0.11
1.000 0.881 238.6 7.90 0.13
2.000 1.179 248.4 10.27 0.18
3.000 1.641 259.7 13.17 0.23

a Activity coeffiicient is calculated based on Pitzer theory of electrolyte interaction using a Microsoft

Excel Visual Basic program - ScaleSoftPitzer®.
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Table 2. Experimentally determined pKy, pK1, pK2, for carbonate equilibrium and pKg, for calcite at 1-
3 mionic strength and 4-25 °C. Data were compared with the literature reported equilibrium constants
after correction with activity coefficients calculated with Pitzer theory of ion interaction® and

temperature.

1. CO2 solubility

T(C) NaCl NaHC HCl  PCO; COz wpK), 75 . EXP. PKH®  AC
(m  Os(m (m)  (psia) (m) PKH

25 094 0038 0040 517 0010 155 115 149 147 -0.02

25 000 0039 0046 488 0011 147 101 146 147 0.00

25 280 0.037 0050 4.92 0007 165 150 148 147 -0.01

4 094 0037 0046 3.77 0014 125 115 119 118 -0.02

4 280 0.037 0.050 4.14 0011 141 150 124 118 -0.06

2. First carbonic acid dissociation constant

T(C) NaCl NaHC HCl  COna HCO; PH  pal. pK, 7130, 1o, BXP- PKI® A°
M Osmm M Pk

24 1.00 0.01 0.005 0.00500.0049595 6.08 6.09 116 056 641 636 -0.04
24 3.00 001 0.005 0.00490.00505.65 588 587 153 049 637 6.36 0.00
4 1.00 0.01 0.005 0.00500.00496.02 6.17 617 115 053 652 653 0.01
4 3.00 001 0.005 0.00500.00505.68 592 592 153 043 647 653 0.06

3._Second carbonic acid dissociation constant

. ; ‘ b
T(C) NaCl gaHC NaOH Hco; co? pH Pa,. PKy Vo, Veor Erép pK2™  A°
(m) 3 (M) (M) (m) (M) Pr2

24 1.00 001 0.005 0.00500.00509.48 961 9.61 056 010 10.37 10.35 -0.02
24 1.00 001 0.005 0.00500.00509.47 961 9.60 056 010 1036 10.35 -0.01
24 200 0.01 0.005 0.00500.00509.20 938 938 051 006 1031 10.35 0.04
24 200 001 0.005 0.00500.00509.23 941 941 051 0.06 10.33 10.35 0.01
24 300 001 0.005 0.00500.00509.09 932 932 049 0.04 1038 10.35 -0.04
4 1.00 0.01 0.005 0.00510.00509.80 994 995 053 010 10.67 1057 -0.10
4 200 0.01 0.005 0.00500.0050947 966 9.66 046 0.06 10.58 10.57 -0.01

4. CaCO- solubility product

° 2+ . : b c
T(°C) (Nn?)CI (I\I)jl(ﬂr;:) |(4r$| Ca" HCO; pa, pK, pK, 712 Yico; Exp. pKg A
my (M PKsp

24 100 0.020 0.021 0.011 0.021 637 959 6.85 022 056 851 847 -0.04
24 1.00 0020 0.020 0.011 0.022 6.43 959 6.78 022 056 843 847 0.04
24 295 0.020 0.023 0.012 0.021 619 928 6.67 034 050 851 847 -0.04
24 295 0020 0.023 0.012 0.021 615 928 673 034 050 856 847 -0.09
4 1.00 0.020 0.020 0.012 0.025 673 983 6.63 023 054 828 839 011
4 296 0.020 0.020 0.012 0.024 648 951 655 033 044 846 839 -0.07

& Activity coeffiicient is calculated based on Pltzer theory of electrolyte interaction using a Microsoft
Excel Visual Basic program - ScaleSoftPitzer®. P The temperature dependence of the thermodynamic
equilibrium constants were that of Langmuir®. © A = pK - Exp. pK
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Table 3. Partition of CO,) between gas and methanol/water/salt solution: Experimental condition and

results. Concentrations are in terms of moles of solute per Kg of water in the solution.

| T MeOH MeOH NaCl NaHCOs; HCI
(°C) (Wt%) (mole (m)  (m) (m)

(m) fraction)

098 25 000 0.00 094 0.038 0.040
004 25 0.00 0.00 0.00 0.039 0.046
098 25 000 0.00 093 0.037 0.048
098 25 996 0.06 0.93 0.037 0.053
098 25 20.29 0.13 0.93 0.037 0.050
098 25 30.03 0.19 094 0.037 0.048
098 25 39.68 0.27 094 0.037 0.050
098 25 49.60 0.36 094 0.037 0.048
098 25 59.07 0.45 094 0.037 0.046
095 25 7855 0.67 091 0.036 0.044
284 25 0.00 0.00 280 0.037 0.050
284 25 20.81 0.13 279 0.037 0.052
284 25 3347 022 279 0.037 0.052
285 25 40.23 0.27 280 0.037 0.050
283 25 51.34 037 279 0.037 0.052
28 25 5930 0.45 281 0.037 0.049
098 4 0.00 0.00 094 0.037 0.046
098 4 21.02 0.13 094 0.037 0.048
098 4 29.89 0.19 094 0.037 0.050
098 4 39.45 0.27 093 0.037 0.049
098 4 50.14 0.36 093 0.037 0.051
098 4 50.95 0.46 093 0.037 0.052
098 4 79.68 0.69 093 0.037 0.04
284 4 0.00 0.00 280 0.037 0.050
284 4 0.00 0.00 2.80 0.037 0.050
282 4 2230 0.14 278 0.037 0.056
283 4 31.59 0.21 279 0.037 0.053
284 4 42.22 0.29 280 0.037 0.056
282 4 5418 0.40 277 0.037 0.057
282 4 61.42 0.47 277 0.037 0.055

Pecoz  CO2 o pK, |09(Ygoz,aq)Pred'a

(psia) (m)
|0g('Y goz,aq )

517 0010 155 0.02 0.00
488 0011 147 0.00 0.00
471 0010 151 -0.01 0.00
428 0011 143 -0.10 -0.07
358 0011 133 -0.20 -0.17
311 0012 125 -0.28 -0.27
256 0013 112 -041 -0.40
202 0015 096 -0.57 -0.57
155 0.017 080 -0.73 -0.76
059 0022 0.27 -1.26 -1.33
492 0007 165 0.01 0.00
390 0009 147 -0.18 -0.17
299 0010 131 -0.34 -0.32
275 0012 120 -044 -0.41
194 0.014 097 -0.67 -0.60
162 0.016 083 -0.81 -0.77
377 0014 125 0.02 0.00
295 0015 113 -011 -0.13
249 0015 1.05 -0.19 -0.20
217 0016 0.97 -0.26 -0.30
167 0.017 082 -0.42 -0.45
117 0.020 061 -0.63 -0.62
043 0.025 0.07 -1.16 -1.11
414 0011 141 0.06 0.00
414 0011 140 0.05 0.00
290 0011 124 -011 -0.14
252 0013 114 -0.21 -0.22
213 0013 1.04 -031 -0.34
164 0.014 091 -044 -0.51
118 0.018 064 -0.71 -0.65

& Predicted from Eq. 29.
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Table 4. Experimental condition for determination of bicarbonate-methanol interaction activity

coefficient (Vzco; ).

| T  MeOHMeOH PHnae pa H2COs HCO, pK;  yY, .2 logly" ) Pred.”
(M) (°C) Wtfr) (X)  reading (mm) (mm) " loglyle, )
101 24 000 000 595 608 502 491 605 100 004 0.00
101 24 016 010 618 626 501 492 627 075 009 0.01
101 24 031 020 634 640 502 489 641 052 008 0.03
101 24 050 036 670 669 510 48L 672 027 010 0.08
101 24 065 051 702 697 508 480 699 012 004 0.16
101 24 076 063 726 726 521 464 731 006 005 0.24
101 24 084 075 760 784 522 457 790 003 032 0.33
101 4 000 000 602 617 502 491 617 100 -0.01 0.00
1014 016 010 614 629 502 491 630 081 002 0.03
1014 031 020 633 645 504 487 646 062 007 0.07
101 4 050 036 668 673 510 480 676 036 012 0.17
101 4 065 051 698 699 508 48 701 019 010 0.28
1014 076 063 722 729 529 456 735 010 018 0.39
1014 084 075 752 783 522 457 789 005 043 0.51
301 24 000 000 565 588 494 499 587 100 0.00 0.00
30124 015 009 577 599 502 490 600 077 001 0.01
30124 030 020 597 615 501 491 616 053 002 0.02
301 24 050 036 634 645 505 485 647 027 003 0.08
301 24 065 051 670 677 502 486 679 013 002 0.15
30124 075 063 695 707 519 466 712 006 006 0.23
30124 084 075 727 764 521 458 770 003  0.29 0.33
3014 000 000 568 592 497 49 592 100 -0.06 0.00
3014 015 009 58 615 501 491 615 082 009 0.03
3014 030 020 597 623 501 491 624 062 005 0.07
3014 050 036 638 658 49 494 658 036 015 0.17
3014 065 051 671 68 503 485 687 019 017 0.28
3014 075 063 718 738 502 483 739 011 044 0.38

2 Calculated from eqg. 29. ° Predicted from eq. 30.
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Table 5. Experimental condition and determination of carbonate-methanol interaction activity
coefficient (v, ).

| T MeOH MeOH PHmee pa,  pK, y" % log(y",) Pred. P
(m) (C) (wtfr) (x) reading ’ ’ log (’Ygog’ )
10124 000 000 947 960 960 1.00 0.1 0.00
1.0024 000 000 948 961 961 1.00 0.2 0.00
1.0024 016 010 983 994 994 099 034 0.32
10124 016 010 985 996 996 099 0.36 0.32
1.0024 028 018 1010 1019 1018099  0.59 0.56
10124 028 018 1011 1020 1020099 0.1 0.56
1.0024 037 025 1031 1037 1037101 0.79 0.74
10124 037 025 1031 1037 1037101 0.78 0.74
1.0024 044 031 1046 1049 1049104  0.92 0.88
1.0124 044 031 1045 1049 1049104 0.92 0.88
1.0024 050 036 1055 1056 10561.07 1.00 0.99
10124 050 036 1056 1058 1058107  1.02 0.99
1.0024 054 040 1063 1063 1063110  1.08 1.09
10124 054 040 1064 1065 1064110 110 1.09
10124 070 057 1081 1079 1079130  1.32 1.40
10124 073 061 1088 10.88 1088137 143 1.45
1.0024 073 061 1085 1085 1085137  1.39 1.45
1.0124 078 067 1078 10.86 10.861.48 144 1.53
10124 081 070 1081 1095 1094156 155 1.57
1.0024 081 070 1074 1087 1087156  1.48 1.57
10124 08 076 1069 1099 1098171  1.63 1.63
1.0024 085 076 1062 1092 1092171 156 1.63
1014 000 000 980 994 994 100 0.10 0.00
1014 016 010 1017 1021 1021112 041 0.36
1014 028 018 1043 1044 1045123  0.69 0.63
1014 037 025 1062 1061 1061132  0.89 0.83
1014 044 031 1076 1072 1073141  1.03 1.00
1.014 050 036 1087 1081 1082149 114 1.13
1014 054 040 1095 1088 1089156  1.23 1.24
1014 074 061 1118 1111 1112198 157 1.69
1014 081 070 1111 1117 1118220  1.67 1.84
1014 08 076 1100 1122 1123234 175 1.92
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Table 5. Experimental

coefficient (v, ), cont'l.

condition and determination of carbonate-methanol interaction activity

I T MeOH MeOH PHpeter pa;+
(m (©) (wtfr) (x) reading

20124 000 0.00 9.23 941
20124 000 0.00 9.20 9.38
20124 017 0.10 9.59 9.77
20124 017 0.10 9.56 9.74
20124 029 0.18 9.83 9.99
20124 029 018 9.80 9.96
20124 037 025 1001 10.15
20124 037 025 10.00 10.13
20124 044 031 10.17 10.28
20124 044 031 10.17 10.28
20124 050 036 10.27 10.36
20124 050 0.36 10.28 10.37
20124 054 040 10.39 10.46
20124 054 040 10.37 10.44
20124 074 062 1069 10.77
20124 074 0.62 10.70  10.79
20124 081 071 10.62 10.85
20124 081 071 10.66 10.89
20124 08 0.77 10.57 10.97
20124 085 0.77 1055 10.95
2014 000 0.00 9.47 9.66
2014 017 0.10 9.84 10.02
2014 029 018 10.11 10.26
2014 037 025 1031 10.44
2014 044 031 1048 10.58
2014 050 0.36 10.60 10.68
2014 054 040 10.72  10.78
2014 074 062 1111 11.18
2014 081 071 11.03 11.25
2014 085 0.76 1092 11.30
30124 000 0.00 9.09 9.32
30124 018 011 9.47 9.64
30124 030 0.20 9.72 9.87
30124 039 027 9.92 10.05
30124 046 033 10.07 10.17
30124 052 038 10.18 10.26
30124 057 042 1025 10.31

K2 Viieo,
1.00
1.00
0.99
0.99

9.38
9.77
9.74
9.99 0.99
9.96 0.99
10.151.01
10.13 1.01
10.28 1.04
10.28 1.04
10.36 1.07
10.36 1.07
10.46 1.10
10.44 1.10
10.77 1.39
10.79 1.39
10.85 1.58
10.89 1.58
10.97 1.73
10.95 1.73
9.66 1.00
10.01 1.04
10.26 1.09
10.44 1.16
10.58 1.23
10.68 1.30
10.78 1.37
11.191.93
11.26 2.30
11.31 2.60
9.32 1.00
9.65 0.99
9.88 1.00
10.05 1.02
10.17 1.05
10.26 1.08
10.32 1.12

b
" log(yly,, ) Pred

log (v1%,; )
-0.01 0.00
-0.04 0.00
0.34 0.32
0.31 0.32
0.56 0.56
0.54 0.56
0.73 0.75
0.71 0.75
0.87 0.89
0.87 0.89
0.96 1.00
0.97 1.00
1.08 1.09
1.06 1.09
1.49 1.47
151 147
1.62 1.58
1.66 1.58
1.78 1.64
1.76 1.64
0.01 0.00
0.38 0.36
0.65 0.63
0.85 0.84
1.01 1.01
114 114
1.26 1.25
1.82 1.70
1.97 1.85
2.07 1.93
0.04 0.00
0.36 0.35
0.59 0.60
0.77 0.79
0.91 0.93
1.01 1.04
1.08 114

2 Calculated from Eq. 30. ° Predicted from Eq. 31.
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Table 6. Experimental condition and result of calcite dissolution experiments in the absence of gas phase.

Ca™

* o a

T MeOH NaCl NaHCO; HCI HCO,( pa, ® pK, log(yL,) Pred.”
O @0 m m  m m log(y™.)
24 0000 100 0020 0021 00111 00209 637 68 004  0.00
24 0000 100 0020 0020 00111 00218 643 677 -004 0.0
24 0061 100 0020 0020 00084 00164 627 740 038 0.8
24 0061 100 0020 0020 00091 00173 630 731 029 0.8
24 0127 100 0020 0021 00082 00150 627 764 042  0.36
24 0128 100 0020 0021 00082 00147 626 767 045  0.36
24 0200 100 0020 0022 00073 00126 627 798 055 053
24 0201 100 0020 0021 00069 00128 629 798 055 053
24 0369 100 0020 0020 00045 00085 640 862 077 081
24 0369 100 0020 0020 00046 00086 641 860 075 081
24 0465 099 0019 0030 00079 00051 626 889 086 091
24 0466 100 0020 0022 00041 00061 645 891 087 001
24 0637 100 0020 0020 00023 00038 674 926 095 098
24 0764 100 0020 0022 00021 00020 686 952 106 093
24 0000 295 0020 0023 00122 00214 619 667 004  0.00
24 0000 295 0020 0023 00121 00207 615 672 009  0.00
24 0068 295 0020 0022 00104 00180 613 710 026 0.6
24 0067 295 0020 0022 0009 00172 610 717 033 0.6
24 0139 295 0020 0022 00097 00166 617 734 028  0.30
24 0139 295 0020 0024 0009 00153 610 746 039  0.30
24 0217 295 0020 0022 00086 00144 621 764 035 042
24 0218 295 0020 0023 00086 00142 619 766 037 042
24 0393 295 0020 0022 00062 00100 635 817 047 059
24 0393 295 0020 0022 00062 00097 633 821 050 059
24 0493 295 0020 0023 00055 00080 646 837 049 061
24 0492 295 0020 0023 00055 00078 646 839 049 061
24 0660 295 0020 0023 00039 00044 668 874 058 054
24 0660 294 0019 0028 00060 00038 657 871 056 054
24 0785 295 0020 0025 00038 00026 687 88l 053 040
24 0786 295 0020 0024 00036 00031 696 869 041 040
4 0000 100 0020 0020 00123 00245 673 663 -0.10 0.00
4 0061 100 0020 0022 00115 00211 659 707 012 011
4 0201 100 0020 0019 00082 00166 663 773 030  0.30
4 0366 100 0020 0020 00065 00126 674 823 034  0.39
4 0467 100 0020 0020 00051 00097 682 856 042  0.38
4 0467 100 0020 0019 00050 00103 687 850 035 0.38
4 0632 100 0020 0020 00038 00067 7.08 880 033 025
4 0627 100 0020 0020 00037 00071 7.11 876 029 026
4 0765 100 0020 0020 00032 00061 749 859 -0.09 005
4 0000 296 0020 0020 00124 00241 648 655 007  0.00
4 0068 296 0020 0021 00115 00217 643 692 019 008
4 0217 296 0020 0020 00093 00184 652 745 023 0.7
4 0394 296 0020 0020 00074 00142 668 791 021  0.13
4 0491 296 0020 0021 00067 00120 679 808 014 005
4 0650 294 0019 0028 00090 00091 7.01 804 -020 -0.19
4 0650 296 0020 0020 00047 00093 7.12 820 -003 -0.20
4 0780 295 0020 0024 00061 00080 7.44 790 -052 -0.49
4 0791 296 0020 0020 0.0049 00094 7.61 776  -068 -052

2 Calculated from eq. 6. ° Predicted from eq. 32.
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Table 7. Calcite solubility in methanol/salt/water solution with gas phase

A. Experimental condition

Exp | T MeOH NaCl NaHCO; CaCl2 HCI CaCO;
No. (m) (°C) (X) (m) (m) (m) (m) (9)
1 1.04 24 0.00 0.95 0.0380 0.000 0.0466 1.00
2 1.02 24 0.16 0.95 0.0380 0.000 0.0428 1.01
3 1.01 25 0.32 0.95 0.0380 0.000 0.0430 1.00
4 1.31 22 0.17 0.95 0.0000 0.093 0.0426 1.00
B. Observed and calculated results
Exp. | Pcoz” Tea " Thcos” pa,. " Sh
No. (atm) [ (m) (m)

Meas Calc error® Meas Calc error® | Meas® Cac  error? | Meas Calc New

: (%) (%) (%)
1 053 058 455 |0.0152 0.0166 3.80 10.0248 0.0242 5.21 6.19 6.18 -0.08
2 041 040 093 |0.0101 0.0104 146 .0175 0.0160 1.92 6.17 6.15 -0.05
3 0.27 0.27 001 |0.0078 0.0077 0.32 10.0123 0.0102 1.45 6.22 6.14 0.07
4 0.24 0.23 2.72 101200 0.116 1.69 (0.0048) 0.0041 8.17 5.90 5.79 0.10

a% error = (Meas. - Calc.)/(Meas.+Calc.)* 100. b For each parameter, Meas. is the measured quantity; Calc isthe calculated
quantity (Egs.23-25). ¢ Measured total bicarbonate concentration are either determined by charge balance or by H,SO,
titration (in parentheses). d Sl is calculated from Eq. 33 where Sl values are calculated with y" values determined by Egs. 29-
32.



Figure captions:

Figure 1. Plot of the observed conditional Henry's law constant for CO, (pK,) versus acohol
concentrations of this study and two sets of literature data, where our data are the methanol dataat 1 m

ionic strength and 25 °C, the literature data are from Sada et al.** (methanol data at 0 m ionic strength

and 25 °C) and Stephen and Stephen (ethanol data at O m ionic strength and 20 °C).

Figure 2. Plot of the conditional equilibrium constants (pK,,pKy, pK,,pK) versus methanol

concentrations (mole fraction) using the data listed in Tables 3-6.

Figure 3. Plot of the calculated vs. measured values of 10g(v¢o, 7, - Vgogf ,andy .. ). The predicted

values are calculated from Egs. 29-32 and the observed values are listed in Tables 3-6.

Figure 4. Plot of calcite SI (the right axis) and the concentration of calcite (mg/L) that will precipitate
(the left axis) versus methanol concentration (vol%), where the simulation is calculated with a Pitzer
theory based program, ScaleSoftPitzer®, under realistic oil and gas well conditions. In this simulation,
the brine is assumed to contain 4750 mg/L Ca, 840 mg/L bicarbonate, 71,779 mg/L TDS, at equilibrium

with 1%CO, in the gas phase, and at 55 °F and 2940 psig pressure.

Figure 5. Plot of methanol (1) vol% concentration, (2) wt% concentrations, (3) mixed solvent dielectric

constants,(4) Yco,, » (5) Yo, » (6) Yoor »ad (7) v Vversus methanol mole fraction concentration,
WHEre ¥&o, Yo, Yeor + Yo 1S CAlCUlAted from Egs. 29-32 at 25 °C and 1 m . The mixed solvent

dielectric constant is from Sen et al.%>.
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