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The optical spectroscopic technique using pH sensitive dyes has been extended to
measure pH in high-temperature, pressure, and ionic strength environments. Lack of
standard calibrating buffers for these conditions necessitated a two-step process for
development of this technique. The first step involved chemical equilibrium modeling to
predict pH values of simple buffer salt systems at high temperatures, pressures and ionic
strengths. The second step involved using these modeled buffer solutions as calibration
solutions for the dye chemistry and equilibrium dissociation constant. Optical spectra of
dye in these buffer solutions were used to calibrate the dye equilibrium dissociation
constant. Results are presented for 293°K to 373°K temperature range, 0.101325-65.5
MPa pressure range and 03 mol/kg water ionic strength range. Once the dye equilibrium
dissociation constant has been characterized, pH of unknown solutions can be obtained
from their dye spectra. This method has been successfully employed for high-temperature
and high-pressure measurements of oilfield waters. © 2006 American Institute of Chemical
Engineers AIChE J, 52: 3257-3265, 2006
Keywords: spectroscopic pH, high-temperature/pressure aqueous chemistry, pH dyes,

high-temperature pH, high-pressure pH

Accurate measurement of pH is important in several diverse
fields, such as process control, reaction equilibrium and kinet-
ics, environmental research to monitor seawater chemistry and
natural water quality, biomedical research and in oilfields. The
International Union of Pure and Applied Chemistry (IUPAC)
has issued guidelines for the standard potentiometric technique
for pH measurements. These methods and calibrating standards
are, however, recommended only for 278-323°K, 0.101325
MPa and ionic strengths below 0.1 mol/kg water.! The reasons
for these measurement constraints are the uncertainty in liquid
junction potential and reference electrode stability at high
temperatures, pressures and ionic strength and the lack of
calibrating standards. Many chemical reactions and processes
require pH monitoring and control at extreme conditions of
pressure, temperature and salinity. In oilfield applications, ac-
curate pH measurements require that they be made at downhole
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wellbore conditions with fluids in their native state at high
temperatures (typically 323—473°K), high pressures (typically
30 to 100 MPa), and high ionic strengths (typically 0.5-5
mol/kg water). pH is a key parameter whose accurate measure-
ment at downhole wellbore conditions is critical in understand-
ing formation fluid water chemistry to predict corrosion and
scale potential in well tubing and surface facilities.
Spectroscopic measurement of pH with very high accuracy
using pH-sensitive dyes is a well-established laboratory tech-
nique for ambient conditions since the early 1900’s.23 More
recently, this technique has been shown to improve precision
for seawater pH measurements.* Using equimolal tris buffers
for total pH scales, dye equilibrium dissociation constant was
characterized at 0.101325 MPa pressure as a function of tem-
perature (293°K to 303°K) and salinity over the narrow salinity
range characteristic of seawater (30 to 37 salinity range corre-
sponding to ionic strengths of ~0.53 to 0.66 mol/kg water).
Yao and Byrnes have also applied this technique for freshwater
pH measurements, where potentiometric methods can prove to
be problematic. Using phosphate buffers, the dye equilibrium
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dissociation constant was characterized at 0.101325 MPa pres-
sure as a function of temperature (283°K to 303°K) and ionic
strength (0 to 0.016 mol/kg water). The Davies equation, which
is valid at these low ionic strengths, was used to calculate the
activity coefficients. Martz et al.° describe an autonomous
spectroscopic pH sensor for in situ measurements of natural
waters that have low ionic strengths (~0.01 mol/kg water) and
temperature range of 277-293°K. These references cite the
advantages of the spectroscopic technique with respect to low-
drift, reproducibility, and rapidness of the measurement as
compared to the standard glass electrodes. Furthermore, since
the measurement depends only on the molecular properties of
the indicator dyes, once the dye equilibrium dissociation con-
stants have been characterized, it eliminates the need for cali-
bration prior to every measurement.

The works cited earlier allow implementation of the spec-
troscopic technique at close to ambient conditions and nar-
row ionic strength intervals corresponding to either seawater
or fresh water conditions. They overcome the problems
associated with glass electrode measurements that arise
from poor reproducibility, and drifts of liquid junction po-
tentials encountered at both very low and very high ionic
strengths. Measurements of pH of standard buffers at high
temperature and pressure using hydrogen electrode and glass
electrode have been reported,’-® but again the liquid junction
instability results in uncertainties in the measurement. Fur-
thermore, pressure balancing needs and liquid junctions
make it practically inconvenient to use this set up for routine
measurements in high-pressure, high-temperature systems.
Boreng et al.® describe a solid-state electrode for high-
temperature and high-pressure pH measurement. However,
while the liquid junction uncertainty is eliminated, the pH is
measured relative to sodium activity that must be indepen-
dently determined to get the absolute pH.

In this article we show how the spectroscopic pH mea-
surement technique can be applied over much broader
ranges of temperature, pressure and ionic strengths. Dye
equilibrium dissociation constants have been calibrated for
temperatures to 373°K, pressures to 65.5 MPa and ionic
strengths in the 0 to 3 mol/kg water range. These procedures
can be used to extend the calibration to even higher tem-
peratures, pressures and ionic strengths. The lack of a stan-
dard pH measurement technique at these conditions means
that there are no pH standards to calibrate any technique
being developed for these conditions. Standard pH calibra-
tion buffers are available only at 0.101325 MPa pressure in
the 273-323°K temperature range and for the 0.05-0.1
mol/kg water ionic strength range. These buffer solutions
are simple salt-water systems whose reactions have been
well characterized over a range of conditions. We, therefore,
use chemical equilibrium modeling to predict their pH val-
ues for the broader temperature, pressure and ionic strength
range of interest. We then show how we use these pH values
to calibrate the dye technique for these extreme conditions.
Once these dyes are characterized, they can be used to
measure pH of unknown solutions without any calibration
requirements prior to each measurement. These advantages
make this a potentially attractive pH measurement technique
at conditions where standard potentiometric techniques can
be problematic.
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Experimental

All spectra were measured with a Cary 500 UV-Visible-NIR
spectrometer. Custom interface optics relayed the optical beam
from the spectrometer to a high-pressure, high-temperature
optical cell. High-pressure stainless steel ports in the optical
cell were used to fill and pressurize the cell with the solution
whose spectra was to be measured. For temperature control, the
optical cell was placed in an oven and temperatures were
recorded using a thermocouple inserted into a thermal well in
the optical cell. Once the optical cell reached the set tempera-
ture, an additional hour was given to ensure sample tempera-
ture had steadied at desired value. A high-pressure syringe
pump (ISCO 100DM) was used for pressure control to 68.9
MPa. All spectra were baseline corrected prior to analysis.

Spectra were measured for pure de-ionized water, standard
buffer solutions and solutions of phenol red dye (concentra-
tions in the range of 1.0 X 10> to 8.2 X 10> mol/kg water)
in buffers. Temperature was varied in the range 293-373°K
with a constant pressure of 0.965 MPa maintained to stay well
above the vapor pressure of water in this temperature range to
ensure that no vaporization occurred. Pressure effects were
studied in the range of 0.1 to 65.5 MPa.

NIST certified standard buffer solutions or buffer powders
were obtained from Fisher Scientific. Phenol red sodium salt
(Fisher Scientific) was purchased as solid powder and solutions
of desired strengths were prepared.

Theory

Measurement at ambient conditions.  pH indicator dyes are
weak acids, and their dissociation equilibrium can be repre-
sented as shown

ASB+H' (D

The fraction of the dye existing in the acid (A) and base (B)
form depends on the pH of the solution. The individual spectra
of these two forms are different and, hence, the measured dye
spectra (which is a mole-fraction weighted combination of the
acid and base spectra) changes as the fraction of each form
changes with pH. The pH is calculated using the following
equation

[B]

YB
H=pK, +1log— +log—5 2
p p g'YA g[A] 2

where pK, = —log K; K, is the thermodynamic equilibrium
constant for the dye dissociation (Eq. 1), and is a function of
temperature and pressure; [A], [B] are the concentrations of
the acid, base form of the dye in the dye-sample mixture,
respectively; and y,, v are activity coefficients of the acid and
base forms of the dye, and a function of temperature, pressure
and ionic strength of solution.
This equation is more commonly written as

- (8]
pH = pK; + log [A] 3)

where
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Because pK, includes the activity coefficients, it is no longer
only a function of pressure and temperature, but also a function
of ionic strength.

For any given pH, the dye spectrum is a mole fraction
weighted linear combination of the acid-only and base-only
spectra. Using a two-wavelength measurement, one can deter-
mine the concentration ratio of base-to-acid form as below

Cr=[A] + [B] (5)
0D = g)'I[A] + &)'1[B] (6)
0D = g)’I[A] + &)*I[B] (7)

OD"
ODR} = (8)

A2
e 1
[B] ODRj} ( &y 0DRﬁ> ©)
m - A2/ Py
HE s—fz ODR)
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where OD* is the optical density measured at wavelength A ;
[ is optical path length; C; is total dye concentration in solu-
tion-dye mixture; ', £} are molal absorption coefficients at
wavelength A; for A, B, respectively; and ODR)? is optical
density ratio as defined in Eq. 8.

The base-to-acid concentration ratio can also be obtained by
regression using spectral OD values at more than two wave-
lengths of the dye spectra when available.

Equations 3 and 9 may now be combined to give

The individual spectra of pure acid and base forms of the dye
are obtained from dye solutions in extreme pH values (about 3
to 4 units away from the pK!) where the dye exists only in the
acid or base form. These end point spectra are used to deter-
mine the molal absorption coefficients in Eq. 10. Estimation of
pK,, can be done by least-squares fit of Eq. 10 with spectro-
scopically measured ODR}? values of the dye in various stan-
dard buffer solutions of known pH. Once pK/, is determined,
pH of an unknown solution may be obtained from the spectra
of the dye in that solution.

The procedure outlined above needs calibration solutions of
known pH to characterize pK’,. Calibration at higher temper-
atures, pressures and ionic strengths is difficult since there are
no standard pH buffer solutions for these conditions. In the
next section, we describe how chemical equilibrium modeling
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of buffers can be used to obtain pH calibration solutions for
these conditions.

Calibration pH references for high-temperature, pressure
and ionic strength. — pH values measured as per IUPAC
procedures have been assigned for primary standard buffers to
323°K.! Chemical equilibrium of these buffer salt solutions in
the temperature range 273-323°K have been modeled!'®-!! us-
ing reaction equilibrium constants and Debye-Huckel and
Pitzer activity coefficient models.!>!3 Good agreement of cal-
culated pH values with the IUPAC assigned values has been
reported.

Buffer solutions are typically mixtures of simple acid-salt
systems in water. The reaction equilibria of these acid-salt
systems have generally been well characterized at high tem-
peratures.'> The effect of pressure on these reactions has also
been studied.'>'* The effect of ionic strength on the equilibria
is through the ion-activity coefficients which can be obtained
from activity coefficient models, such as Debye-Huckel for
low-ionic strengths, and the Pitzer equations at higher ionic
strengths.'>13 We have used these equilibrium reaction param-
eter characterizations reported in literature to model these
systems to high-temperature, pressure and ionic strength con-
ditions. This allows calculation of pH of standard buffers at
these conditions, a prerequisite for calibration and testing of
any new pH measurement technique being developed. For
background information on general principles of modeling
aqueous reaction equilibria and activity coefficients, the reader
is referred to Langmuir'? and Stumm and Morgan.!s Phosphate
buffers are useful for characterizing the phenol red dye used in
this study, and so we will describe the procedure for getting
high-temperature and pressure calibration references by using
these buffers as an example. For the ionic strength calibration
references, the Debye-Huckel or Pitzer activity coefficient
model can be used for ionic strengths below 0.1 mol/kg wa-
ter.'® At higher ionic strengths, we will use reported pH values
that have been calculated with chemical equilibrium models
based on the Pitzer activity coefficient model.!”

Phosphate buffers.  Standard phosphate buffers are mix-
tures of potassium and sodium phosphate salts.! The salt is
fully dissociated, while the weak phosphoric acid has two
dissociation equilibria

H,PO, < H' + H,PO; Ka, (11)
H,PO; < H' + HPO2™ Ka, (12)
KH,PO, — K* + H,PO; (13)
Na,HPO, — 2Na* + HPO?" (14)
HO<H'+0H Kw (15)

Equilibrium relations for the reactions are given by

ap+Qpo;  Yu+rYuro, [H[H,PO; ]

Ka, = [H.PO,]

=AT,P) (16)

Am;po, Yuspo,
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Figure 1. Variation of pH of primary standard phosphate
buffer (pH = 6.86 @ 298°K and 0.101325 MPa)
with temperature.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Kazz :ﬂT’ P) (17)

Anypo, Yropo,

_ Gurdon- _ Yu+You- [H"]JOH ]

Kw [H.0]
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Phosphate balance is obtained by equating total initial phos-
phate added to system in the form of salts and acids to sum of
phosphates from all different phosphate containing species at
equilibrium

[KH,PO,], + [Na,HPO,], = [HPO; ] + [H,PO, ] + [H;PO,]
19

Total alkali-metal balance is obtained from total initial salt
added to system

[KH,PO,], + 2[Na,HPO,], = [K*] + [Na*] (20)
The electroneutrality equation is given by

[H']+ [K"] + [Na*] = 2[HPO; | + [H,PO; ] + [OH"]
@3y

where Ka,, Ka, are acid dissociation constants; Kw is water
dissociation constant; P is pressure; 7T is temperature; a is
activity; <y is activity coefficient; [] is concentration of a spe-
cies; and [], is initial concentration of a species.

All concentrations are expressed in molality units (mol/kg
water). The Deby-Huckel model is used for activity coeffi-
cients, and is valid for ionic strength below 0.1 mol/kg water.
An iterative numerical procedure is used to solve this set of
equations to calculate pH (= —log [H"]) for any temperature
or pressure.
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High-temperature calibration references.  The variation of
the reaction equilibrium constant with temperature can be
derived from thermodynamic principles. It has been measured
for a number of reactions, and is well described by the follow-
ing general equation'?

C F
longA+BT+?+D10gT+ET2+F+GT”2 (22)

where A through G are empirical constants and T is the
temperature in Kelvin.

Using the reported values of these constants for phosphate
buffers,!? one can solve Eqgs. 16-21 to get the pH variation of
phosphate buffers with temperature.

Figure 1 plots temperature dependence of pH 6.86 primary
standard phosphate buffer and compares model results with
reported experimental data. There is some deviation (0.02 to
0.05 units) at higher temperatures beyond 343°K, but these are
of the same order as the deviation among the experimental data
sets. Note that the reported data use electrode measurements,
and because of inherent uncertainties of the liquid junction and
reference electrode at high-temperatures, are not necessarily
the best standard for comparisons for model predictions.

High-pressure calibration references. ~Byrne and Laurie'#
have reviewed the influence of pressure on chemical equilibria
in aqueous systems. The effect of pressure on equilibrium
constant can be derived from thermodynamic principles!'?

K
RT 1n<KP> = —AV(P — Py) + 0.5AK°(P — P,)* (23)
Po

where AV? is difference between the partial molal volumes of
products and reactants in their standard states; Ak° is difference
in partial molal isothermal compressibilities between products
and reactants in their standard state; R is ideal gas constant; P

7.6

7.4 4 v

7.3

pH
1

7.2+ ¥
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Figure 2. Modeled effect of pressure at 293°K on pH of
primary standard phosphate buffer (pH =
7.429 @ 293°K and 0.101325 MPa).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Table 1. Model Predicted pH Values for Primary Standard
Phosphate Buffer (pH = 7.429 @ 293°K and 0.101325 MPa)

Tonic Strength (mol/kg) pH Model
0.01 7.6822%
0.02 7.6233%*
0.05 7.5230%
0.1 7.4290
0.15 7.3490%*
0.2 7.3020%*
0.3 7.2270%*
0.4 7.1670%%*
0.6 7.0740%*
0.8 6.9990%*
1.1 6.9070%*
2.1 6.6820%*
3.1 6.5160%*

*Using Debye-Huckel.
**Reference 7.

is pressure; and P, is pressure at standard state, typically,
0.101325 MPa.

This equation is claimed to give good fit to experimental
equilibrium data to 200 MPa. Beyond 200 MPa, Ak° can also
become a function of pressure.

We have applied this equation to the pH 7.4 primary stan-
dard phosphate buffer using partial molal volume and com-
pressibility changes reported in literature!+!8:1° for the first and
second phosphoric acid dissociation reactions, and the water
dissociation reaction. Pressure dependence of density and di-
electric constant has been calculated using correlations in lit-
erature'®-2 and incorporated in the calculation of activity co-
efficients. Figure 2 plots the predicted effect of pressure on the
pH of this standard buffer at 293°K. The change in pH going
from atmospheric pressure to 67.1 MPa is about 0.25 units.

Ionic strength calibration references.  The phosphoric acid
dissociation constants Ka,, Ka, are a function of only tem-
perature and pressure, and not affected by ionic strength. How-
ever, the activity coefficients that appear in the chemical equi-
librium relations are a strong function of ionic strength. While
the Debye-Huckel model for activity coefficient is valid for
low-ionic strengths (<<0.1 mol/kg water), the Pitzer equations
are valid over a wide range going to 6 mol/kg water, and have
been extensively employed in the past two decades to describe
such equilibria. Chemical equilibrium of pH 7.4 primary stan-
dard phosphate buffer has been modeled using the Debye-
Huckel activity coefficient model for ionic strengths below 0.1
mol/kg water (Table 1). For higher-ionic strengths, reported pH
values based on the Pitzer activity coefficient model have been
used.!” Table 1 shows that increasing the ionic strength from
0.1 to 3.1 mol/kg water at 293°K and 0.101325 MPa causes pH
of primary standard phosphate pH 7.4 buffer to fall by about
0.9 units.

The procedure outlined above may be used for any buffer
chosen for calibration of pH sensitive dyes.

Results and Discussions

Having obtained calibration buffer pH values over the de-
sired range of temperature, pressure and ionic strength values,
the pK, of any pH indicator dye may now be characterized for
this range using the calibration procedure outlined earlier for
ambient conditions. Before selecting a dye for pH measure-
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ment at high-temperature, it is important to check for potential
degradation of the dye or loss in pH sensitivity at these con-
ditions. Phenol red belongs to the class of sulfonaphtalein
indicators that have been used successfully by several investi-
gators*~¢ for ambient pH measurements. Phenol red dye was
boiled at 373°K in solutions containing common aqueous phase
salts and no degradation was observed. The dye solution was
also cooked at 423°K for several hours, and its pH sensitivity
was found to be preserved. This dye was thus selected as a
suitable indicator for high-temperature pH measurement.

pK., as a function of temperature.  Using the set up de-
scribed in the experimental section, phenol-red spectra in sev-
eral standard buffer solutions were obtained for temperatures in

Optical Density

400 450 500 550 600
\Wavelength, nm
(A)
9.0
8.5
E 8.0
(=]
E
E 754
£
L 704
6.5 Phenol Red 373°K, 0.965 MPa
B data
—— fitted ta Eq. 3 (pka'=7.48)
6.0 -|

T T T T T
-1.0 0.5 0.0 0.8 1.0

log ([BVIA
(B)

Figure 3. (A) Phenol-red spectra in various buffer solu-
tions at 373°K; (B) calculating pK], for phenol
red at 373°K.

The pH values in Figure 3A refer to the buffer pH values at
standard conditions (293°K and 0.101325 MPa). The acid
form spectrum is obtained in a pH 4 buffer and the base form

spectrum in pH 12. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Figure 4. Temperature dependence of pK) for phenol
red at 0.965 MPa, and 0.1 mol/kg water.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

the range of 293°K to 373°K. The pressure was maintained at
0.965 MPa to prevent flashing of the water phase at high-
temperatures. Figure 3a shows the spectra of phenol red in
various buffer solutions at 373°K and 0.965 MPa pressure and
0.1 mol/kg water ionic strength. Figure 3b plots the model
predicted pH value for each buffer at this temperature and
pressure vs. the log ([B]/[A]) obtained from the spectral data.
Using Eq. 3, the value of pK/, at 373°K is determined to be
7.48 (intercept at log ([B]/[A]) = 0). In a similar manner, pK’,
values were determined at other temperatures as well. Eq. 22
can be used to model the temperature dependence of the dye
equilibrium dissociation constant (Figure 4). Note that this
fitted equation is valid for the temperature range 293°K to
373°K at 0.965 MPa, and 0.1 mol/kg water ionic strength.

pK!, as a function of pressure. ~ Phenol-red spectra in pri-
mary standard phosphate buffer (pH 7.429 @ 293°K and
0.101325 MPa) were obtained as a function of pressure from
0.101325 to 65.5 MPa at 293°K. At each pressure, the base to
acid fraction was obtained from the spectra, and using the
model predicted pH values for the buffer in Eq. 3, the pK/, was
calculated. Figure 5 shows a good linear fit of pK’, vs. pressure
at 293°K. If we use Eq. 23 to describe the pressure dependence,
it implies that Ak° is close to zero. From the slopes, one can
estimate AV° to be —10.96 cm®/mol at 293°K. Note that the
change in pK, is of the order of 0.1 unit over this large pressure
range. Similar changes were observed even at higher temper-
atures. The effect of pressure on reaction equilibrium constants
has in general not been as widely studied as the effect of
temperature. Consequently, the uncertainty in modeling the
pressure variation of buffer equilibria, and in the calculation of
the high-pressure pH calibration reference values is more than
that for temperature effects. The small effects of pressure seen
here, suggest that one could choose to ignore the effect of
pressure on pK/, of phenol red in pH measurement for targeted
accuracies of 0.1 pH unit, as uncertainties could be expected to
be of that order.

pK., as a function of ionic strength. — Phenol red spectra
were obtained in pH 7.4 primary standard phosphate buffer

3262 DOI 10.1002/aic
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Figure 5. Pressure dependence of pK/, for phenol red at
293°K, and 0.1 mol/kg water.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

adjusted to varying ionic strengths (0.01 to 3 mol/kg water) by
dilution with deionized water and/or by addition of NaCl salt at
293°K and 0.101325 MPa pressure. Using model predicted pH
values, and the base to acid ratio obtained from laboratory
spectra, one can determine the pK/, from Eq. 3. Figure 6 plots
pK!, as a function of ionic strength. Note that as ionic strength
increases by an order of magnitude from 0.3 to 3.1 mol/kg
water, the pK), is relatively insensitive to ionic strength and
changes only by 0.035 units.

We have used the Pitzer model of activity coefficients to
derive an equation to fit the pK|, as a function of ionic strength.

Equation 4 can be rewritten as

VB
pK.=pK, + IOg(* (24)
Ya
8.2 -
®  experiment
8.1+ —— fitted to Eq. 28
pKa = 8.1876
-~ ~ fitted to Eq. 29
8.0 ~ c,=-0.59728
c,= 0.8252
© c;=-0.2013
X
Q 794
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Figure 6. lonic strength dependence of pK, for phenol
red at 293°K, and 0.101325 MPa.
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Since pK, is independent of ionic strength, the functional
dependence of pK!, on ionic strength should be the same as the
functional dependence of log (yz/v4).

The Pitzer model equation for the activity coefficient of ions
is given by!319

Iny, = zif, + P(B, @, C, ¥, m, m,, 2) (25)
P, represents the Pitzer group of functions with binary and

ternary ion interaction parameters, and f,, is a modified Debye-
Huckel term given by

AN 24, .
= = b\ﬁ b In(1 + b\l (26)
where A, is Debye-Huckel parameter; b is universal con-
stant = 1.2 (kg/rnol)o'5 ; B, ®@ are Pitzer binary ion interaction
parameters and a function of I; C, i are Pitzer ternary ion
interaction parameters; / is ionic strength, mol/kg water; m,,
m, are cation, anion concentrations, mol/kg water; and z is
electric charge on ion.

Using this model with z, equal to —1, and zz equal to —2,
the difference in the logarithm of the activity coefficients for
the base and acid form of the dye in Eq. 24 may be written as

pK, — pK, = (log y; — log v,)

1 [=34,\ 64,
- _ 20 T
23031 +b\1 b In(l+byD

+ PB(By (I)s C’ l‘l” mm mn’ Z) - PA(Ba CI)’ C: wy mca ma7 Z)
27

A rigorous calibration for the ionic strength effect on pK/,
would require a comprehensive set of measurements in single,
and mixed electrolytes to determine the relevant dye acid and
dye base interaction parameters with all other ions expected in
water solutions where we want to measure pH. Since our first
application of this technique was targeted to formation waters
in oil fields that are generally dominated by sodium and chlo-
ride ions, we narrowed the calibration matrix by using only
sodium chloride salt to adjust ionic strength in our calibrating
solutions (Figure 6).

For dilute solutions with ionic strengths up to 0.1 mol/kg
water, Pitzer ion interaction terms are expected to be small.
We, hence, assume that for low ionic strengths below 0.1
mol/kg water, Eq. 27 can be simplified to a limiting form with
only the modified Debye-Huckel term

—0.5055 |1

Y 19410g(1 + 12D (28
1+ 12 og( @8

pK, — pK,=

where we have used b equal to 1.2 (kg/mol)* and A, equal to
0.388 at 293°K and 0.101325 MPa.

Using this equation to fit the experimentally estimated pK,
for this ionic strength range, the true dissociation constant, pK,,
is determined to be 8.1876 units at 293°K and 0.101325 MPa
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for phenol red (Figure 6). This is a function of only temperature
and pressure and independent of ionic strength.

For the higher ionic strength range (I > 0.1 mol/kg water),
the Pitzer ion interaction terms in the functions P, and P, of
Eq. 27 have to be considered. We take advantage of the fact
that for calibrating the dye pK/, as a function of ionic strength,
we only need the difference in the log of the individual activity
coefficients of the base and acid form. Thus, the Pitzer ion
interaction effects appear as a difference of the functions Py
and P, in Eq. 27. Since the dye forms have a similar molecular
structure, and are also similar in size, it may be reasonable to
expect that their interaction parameters with the other ions are
similar and terms that involve differences in dye interaction
parameters will be negligible. Furthermore, the dye molal
concentrations (in the range of 10> to 10~* mol/kg water) are
three to four orders of magnitude lower than the main ions Na™
and Cl~ in the aqueous solution. Hence, terms that include the
molality of the dye will also be negligible. One can examine
the Pitzer equations to determine the dominating terms in Eq.
27 and use the functional forms of their ionic strength depen-
dence to fit the data in the higher ionic strength range at 293°K
and 0.010325 MPa (Figure 6)

—0.5055 I

K,—8.1876 =+
PR 1+ 120

+ ¢ log(1 +1.2 \/7)
Cy o
5 (1= (1+ 21+ 2Dexp(=2D) + c; (29)

Measuring pH of unknown samples at high temperature,
pressure and ionic strength.  The dependence of pK| on
temperature, pressure and ionic strength obtained from our
calibration experiments are summarized below:

For T = 293°K-373°K; P = 0.965 MPa, I = 0.1 mol/kg
water

49.3
T ) (30)

For T = 293°K; P = 0.101325-65.5 MPa, I = 0.1 mol/kg
water

11
pK, = (1.965 + 0.0065 = T +

pK,=17.7755 — 0.001572(P — 0.101325) (31)

For T = 293°K; P = 0.101325 MPa, I = 0-0.1 mol/kg
water

—0.5055\I

K, - 8.1876 =
PR 1+ 12

—1.941log(1+ 12\ (32)

For T = 293°K; P = 0.101325 MPa, I = 0.1-3.0 mol/kg
water

—0.5055 I

K, —8.1876=— "\
PR 1+ 1240

—0.59728 log(1 + 1.2

0.8252
2

+ (1 = (1 + 21+ 2Dexp(—2\D) — 02013 (33)
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Our first target application for this method is for pH mea-
surement of formation waters at high temperatures and pres-
sures in oilfields. These waters typically have ionic strengths
greater than 0.1 mol/kg water. Eq. 30 can be used first to
determine pK, at the desired temperature, and an ionic strength
of 0.1 mol/kg water. From Eq. 33 one can calculate the differ-
ence between pK/, at any ionic strength and 0.1 mol/kg water
at 293°K. Given the relative insensitivity of pK/ to ionic
strength in this range, we assume that this difference is inde-
pendent of temperature and pressure and, hence, apply it to
account for the ionic strength effect at the desired temperature.
One can then use Eq. 31 to apply a shift due to the pressure
effect. Again we assume that because of the relative insensi-
tivity of pK’, to pressure, the pressure effect is independent of
temperature and ionic strength. Future work in our laboratory
will focus on testing the validity and limitations of these
assumptions.

Accurate pH measurement is critical to estimate the corro-
sion and scaling potential of formation waters in oilfields, and
predict compatibility of waters that may be commingled from
different zones or wells. Because gases and solids can come out
of solution as downhole samples are transported to surface
laboratories, it is important to measure pH downhole with the
formation water in its native condition at reservoir temperature
and pressure. The lack of such a robust measurement today
requires large safety margins to be applied in selecting appro-
priate corrosion resistant materials and this impacts field de-
velopment economics. A downhole pH measurement, even
with target accuracies of the order of 0.1 units, would have a
huge impact in terms of savings in cost of material chosen for
corrosion resistance or in planning for scale treatment and
mitigation.

To overcome the limitation that single dyes are sensitive
only in a limited pH range we have also developed dye mixture
formulations that allow extended range pH measurements at
high temperature, pressure and ionic strength.?!

The dye technique has been successfully applied for in-situ
downhole pH measurements of formation water in high-tem-
perature and high-pressure oil wells in the North Sea.?! To
validate these measurements, water samples from these wells
were also collected and brought to the surface. These samples
were flashed to ambient conditions, followed by laboratory
analysis of the gas phase by gas chromatography, and a com-
plete ion analysis of the water phase. These were used as inputs
to a predictive model that simulated the chemical equilibrium
of these samples and calculated the downhole pH. The in situ
measurements of pH at reservoir conditions agreed well with
the simulated values over a wide range of temperatures, pres-
sures and ionic strengths.?!

Conclusions

The use of pH sensitive dyes offers an alternative method of
measuring pH at high-temperature, pressure and ionic strength
conditions, where the IUPAC recommended electrode tech-
niques are not valid. We have developed a calibration proce-
dure for these dyes that uses chemical equilibrium models to
get pH values of calibrating buffers for these conditions. Any
uncertainties in parameters used in the thermodynamic models
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for calculating calibration references will impact the accuracy
of the measurement. Such uncertainties will be inherent in the
calibration process for any pH technique being developed for
these conditions, and are not specific to the spectroscopic
method using dyes. As thermodynamic models at high-temper-
atures, pressures and ionic strengths evolve and databases of
Pitzer coefficients become more consistent, the calibrating
buffer pH values can be revised and the dye calibration updated
to improve target accuracies. The advantage of using such dyes
is that, unlike potentiometric methods, the dye measurement
depends only on the molecular properties of the pH sensitive
dyes and once the dye equilibrium dissociation constant has
been characterized, it eliminates the need for calibration prior
to every measurement. This technique has been successfully
applied for pH measurement of formation waters in the oil-
fields.
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