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ABSTRACT: Determining the pH of hypersaline wastewater is essential for
regulatory compliance and the feasibility of geochemical and treatment
processes. Hypersaline solutions have high ionic strength, which introduces
deviations among measured proton activity, its concentration, and potential
acidity. Here, we evaluate these deviations with theoretical simulations and by
modeling hypersaline lithium brines from South America and produced waters
from U.S. oil and gas operations (n > 60 000). We show that when the ionic
strength increases above 2 m, proton activity coefficients steadily increase
above unity. This causes the pH value to overestimate proton concentration.
As this discrepancy increases, the pH alone cannot be used to accurately
evaluate the solution’s corrosivity by features such as the saturation index (SI)
or calcium carbonate precipitation potential (CCPP). Our analysis reveals that 5% of the investigated produced waters showed pH
values of <6 but positive CCPP or SI values, undermining pH as a single regulatory indicator of corrosivity. Accurate evaluation of
hypersaline effluent corrosivity requires the utilization of advanced tools such as the PHREEQC software with the Pitzer model. This
approach ensures a more reliable characterization of the potential hypersaline effluent corrosivity and thus more efficient
management and policy.
KEYWORDS: pH, lithium, ionic strength, produced water, water management

1. INTRODUCTION
Accurately measuring pH is one of the most important factors
for understanding the geochemistry of natural waters,
especially fluids with high salinity, such as lithium-rich brines
or oil field-produced water. In the United States, the discharge
of effluents must meet federal regulatory requirements, but
permitting decisions are largely made at the state level.1,2 U.S.
EPA regulations require that the pH must be between 6 and 9
for potential ecological impacts upon the disposal of
wastewater and mineral processing effluents.3,4 This does not
suggest that only the pH is important for regulations; a broad
suite of parameters is also considered, including total dissolved
solids (TDS), organic material, and specific toxins, among
others. Likewise, pH is a critical factor for assessing the
corrosivity of effluents from industrial process discharge on the
environment.5,6 However, in high-salinity water, accurately
measuring pH (or proton activity) and interpreting its value
are challenging due to complex ion interactions and large
deviations from ideal conditions.
pH is a parameter of great importance for water analyses as

it is crucial for assessing the acidity of natural waters, which
directly influences the precipitation potential (PP) or
saturation index (SI) for minerals, the assessment of the
reduction−oxidation (RedOx) potential, and the saturation
state of various gases.7−10 The pH of a solution is defined as
the negative base-10 logarithm of the activity of hydrogen ions

(defined with round brackets (H+)) in solution (pH =
−log10(H+)). In freshwaters, the activity of H+ is approximately
equal to the H+ concentration (defined with square brackets,
[H+]); however, when the ionic strength (I, in molar (moles
per liter) units “M” or molal unit (moles per kilogram weight)
“m”) or the TDS (in units of grams per liter) is high, H+

activity cannot be approximated by its concentration, and the
activity coefficient (γ) of protons must be used to calculate pH,
as shown in eq 1:

= [ ]+
+pH log ( H )10 H (1)

Under most natural water conditions, I is lower than ∼1−2
M (such as drinking water (I < 0.05 M), brackish water (I <
0.5 M), and seawater (I ≈ 0.7 M)). As salinity increases, the
activity coefficient of ions decreases below unity, and their
activity (α) is lower than their concentrations (i.e., αH+ <
[H+]), mainly due to steric interference and ion pair
interactions.7,11 Under such conditions, ion activity can be
calculated using the Davies12 or Debye−Hückel extended
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equation13 (for I < 0.3 M), the specific ion interaction theory
(SIT),14 the Truesdell and Jones equation15 (for I < 2 M), or a
combination thereof.9

When I increases above 2 m, ion (and proton) activity
coefficients may increase to values of more than 1, increasing
the activity of ions above their concentration (i.e., αH+ > [H+]),
particularly for small and high-ionic potential ions (i.e., ions
with a high charge-to-radius ratio such as H+ or Mg2+).7,16−19

Under these conditions, the activity of water decreases below
unity and the osmotic coefficient (a characterization of the
solvent’s deviation from ideal behavior) of water increases,
reflecting the increasing deviation from ideal conditions. As a
result, the ability of water to hydrate ions becomes limited,
meaning that ions become more exposed and therefore more
chemically reactive. This deviation directly influences the
calculated activity coefficients of ions, as the osmotic
coefficient is used to fit the empirical parameters in the Pitzer
equations for ion activity calculations (see eqs S1 and S2 for
more details).19,20

Under such high-salinity conditions (i.e., I > 2 m), the Pitzer
approach is recognized as the reliable and accurate choice for

evaluating ion interactions and calculating ion activities.21−24

pH measurements using standard pH electrodes at low to
moderate ionic strengths (I < 0.7 M) are well established and
well developed, with accepted definitions and proce-
dures.21,24,25 However, pH measurements of hypersaline
solutions require careful planning and understanding of several
challenges. First, the change in the liquid junction potential
(LJP) of the pH electrode16,21,26−29 may cause a shift in the
analytical readings, typically toward lower pH values (or more
accurately, higher electrical potential readings). Second, due to
the high activity coefficient of protons, the pH calculated from
the activity of H+ may deviate from the actual concentration of
H+ by orders of magnitude, as demonstrated in this study
(Figures 1 and 2).16−18

Here, we investigate how pH deviates from H+ concen-
tration at increased salinity (I ≈ 2−15 m), which has
important implications for corrosivity assessment and regu-
latory frameworks of hypersaline brines. We investigated
reported data from more than 60 000 hypersaline brines,
including closed-basin lithium-rich brines from the Lithium
Triangle in South America, as well as oil and gas formation/

Figure 1. Simulations of the proton activity coefficient variations vs ionic strength (I) of solutions with three single-salt solutions (MgCl2, CaCl2,
and LiCl) up to each salt solubility limit (5.73, 6.71, and 19.7 mol/kgw, respectively). Panel B provides a magnified view of the data shown in panel
A (at I < 4 mol/kgw) for the sake of clarity.

Figure 2. Empirically measured pH (discrete points) and PHREEQC simulation data of pH, ΔpH, SI, and CCPP values of calcite as a function of
ionic strength, with two salt backgrounds: (A) LiCl and (B) MgCl2 (baseline solution of 200 mM CaCl2, alkalinity(Hd2COd3*) of 2 mN, and initial pH
of 7.66).
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produced waters from the United States. We show that more
than 5% of the analyzed brines were not corrosive to calcite,
despite their pH values being less than 6 and therefore
classified as acidic solutions.3,4 This study has important
implications for environmental regulations and process designs,
including direct lithium extraction (DLE) and CO2 injection
for carbon storage in aquifers composed of hypersaline
solutions. Using the study findings will help to better
determine the acidity potential of hypersaline solutions with
complex chemistry, especially where pH measurements alone
are insufficient.

2. MATERIALS AND METHODS

2.1. Natural Brines and Hypersaline Effluent Data
This study includes analyses of (1) lithium-rich closed-basin brines,
both natural and from evaporation ponds from the Lithium Triangle
in South America (n = 552; no alkalinity data are present),6,30−55 and
(2) produced waters, from the USGS produced waters geochemical
database, including brines classified by the USGS as coal bed methane
(CBM), geothermal, shale, sedimentary, and injection that are
common wastewaters derived from oil and natural gas operations in
the United States (n = 61 222). For all produced water, only sources
with complete chemistry data on major ions and alkalinity, pH, and
density values were considered from the USGS full data set (ntotal =
113 136).56

2.2. Software and Simulations
All characterizations and simulations were performed with the
PHREEQC interactive software (version 3.7.3315968)9 using the
Pitzer database.20

2.3. Parameters
ΔpH was defined to represent the absolute difference between the pH
calculated by using the activity of H+ ((H+)) and the actual
concentration of H+ ([H+]) of a solution (eq 2).

= | [ ]|+ +HpH p(H ) p (2)

2.4. pH Measurement Setup
For pH measurements, a Metrohm combined pH glass electrode (3 M
KCl) was used with a Metrohm ECO Titrator as the controller at
Duke University. The temperature was measured manually. All
chemicals used were of analytical grade and dried at 50 °C before use.
A method for more accurate pH determination in hypersaline
solutions is proposed for this study (see below).

3. RESULTS AND DISCUSSION

3.1. Theoretical Evaluation of Hypersaline Fluids
We evaluate the effect of salinity and different chemical
compositions of fluids (e.g., pure MgCl2, CaCl2, and LiCl) on
the variations of the H+ activity coefficient across a range of
ionic strengths from 0 to 20 m. Panels A and B of Figure 1
present the calculated proton activity coefficient as a function
of the ionic strength of the different saline solutions, showing
the initial decrease in the activity coefficient with an increase in
ionic strength, mainly due to steric interference7,11 (Figure
1B), and a steady increase above unity with an increase in
salinity (I > 2 m), with proton activity coefficient values
reaching ∼150 at I > 10 m (Figure 1A).
Calcite (CaCO3) is a common mineral with pH-dependent

solubility, typically dissolving under acidic conditions, and its
solubility is used as a reference for regulatory applications.3,4,57

One can examine calcite solubility using two different
approaches of calculations: (1) saturation index (SI),
calculated by reducing the CaCO3 equilibrium constant (Ksp)

from the ion activity product (IAP) of the solubility equation,
in a log function, as shown in eq 4, and (2) calcium carbonate
precipitation potential (CCPP), calculated quantitatively in
step iterations and defined as the mass of calcite required to
reach Q = K′sp, where Q is the product of the ion’s
concentrations in eq 3 and K′sp is the apparent solubility
constant of calcite.7,11

+ =+F KCaCO Ca CO ; 103(s)
2

3
2

sp
8.48

(3)

=
i
k
jjjjjj

y
{
zzzzzzK

SI log
IAP

10
sp (4)

To test the extent of the phenomenon, we conducted lab
experiments in which a synthetic solution (200 mM CaCl2,
alkalinity(Hd2COd3*) of 2 mN, an initial pH of 7.66, and SI and
CCPP (milligrams per liter as CaCO3) values for calcite of
1.61 and 58.77, respectively) was used as the baseline. MgCl2
and LiCl solutions were added to this baseline solution to
increase the ionic strength, and the solution pH was measured
empirically. Using PHREEQC, the pH, ΔpH (i.e., the
difference between the measured pH and the real proton
concentration), calcite SI, and CCPP values were calculated for
both experiments. The simulated and empirical results are
presented in Figure 2. The results show that the calculated pH
of all simulations decreases below 6 at high ionic strengths (I >
8−10 m), a pH at which calcite is typically considered to be
dissolved (or undersaturated). However, the ionic composition
has a significant impact on the tested saturation indices of
calcite. The addition of lithium ions increases ionic strength
and decreases the pH, but due to a low level of ionic
complexation with carbonate ions or hydroxide, SI and CCPP
remain positive (Figure 2A), meaning that the solution
remains supersaturated with calcite even at pH values of less
than 6. In contrast, the addition of magnesium ions (Figure
2B) forms ion complexes with both hydroxide and carbonate
ions, thus reducing the available carbonate ion concentration.
Therefore, the SI and CCPP values decrease below zero,
meaning that calcite became undersaturated (corrosive) at pH
<6. In both scenarios, the ΔpH parameter increases with I,
reflecting the discrepancy of the measured pH from the proton
concentration. Notably, the measured pH is lower than the
calculated pH (Figure 2A); such variations are well-known and
result from inaccuracies in the standard pH measure-
ment.21,26,26,28

For accurate pH determination in saline solutions, we
recommend the methods presented in refs 21 and 26.
However, these methods are less suitable when the ionic
strength exceeds 6 m or when divalent ions occur at high
concentrations. For example, the chloride ion-selective electro-
des used in ref 26 for pH calibration and verification are not
suitable for ionic strengths above 1 m and may produce
unstable readings in high-salinity solutions.58,59 Using custom
pH buffer solutions, as suggested by refs 21 and 60, under such
high-salinity conditions requires the Pitzer model to simulate
the buffer solution pH, as the SIT model, which is broader and
contains abundant weak acid and ion data, is not applicable.
On the other hand, the addition of weak acid systems required
to produce a pH buffer solution to the Pitzer database is
applicable only in solutions without high divalent ion
concentrations, due to a lack of literature data.61 Hence, a
new method for pH calibration is required, using a custom pH
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buffer solution simulated with an unmodified Pitzer model to
accurately measure pH in hypersaline solutions with I > 6 m.
This method is currently being developed by the authors but is
beyond the scope of this study.
Based on this theoretical assessment and the experiments we

conducted, the following conclusions can be deduced. (i) The
ionic composition of a brine or wastewater has a significant
role in the osmotic and activity coefficient, and this effect may
not be linear or conservative and therefore varies among
different brine types with different chemistry (e.g., lithium-rich
vs magnesium-rich brines). (ii) Proton activity alone cannot
serve as an estimate of proton concentration in high-salinity
brines or in a complex ionic matrix. (iii) When proton activity
differs by orders of magnitude from its concentration,
corrosivity calculations must be carefully considered for
avoiding the mismatch between pH and potential corrosivity.
3.2. Natural Brines and Hypersaline Effluent Data

We used published water chemistry data of different
hypersaline brines and effluents to evaluate the role of salinity
and ion composition on their ΔpH values and the potential
discrepancy between measured pH and potential corrosivity.
This evaluation aims to test if natural brines and produced
waters (i.e., real-life scenarios) exhibit the same trends shown

in the experimental synthetic solutions (Figure 2). Many of the
brines used in the simulation and calculations are considered
wastewater or effluent and are therefore regulated accordingly.
The first set of data are closed-basin lithium-rich brines, both
natural and from evaporation ponds from locations throughout
the world (Figure 3A,B; n = 552).6,30−55 The second set
consists of produced waters from the large USGS produced
waters geochemical database, including brines classified by the
USGS as coal bed methane (CBM), geothermal, shale,
sedimentary, and injection that are typical wastewaters derived
from oil and natural gas operations in the United States
(Figure 3C,D; n = 61 222).56

The results show an almost linear trend between an
increasing ionic strength and ΔpH (Figure 3 B,D) for the
whole range of brine salinities. The results show that the ΔpH
values disperse at high TDS values (>350 g/L) of some of the
lithium-rich brines, likely due to the extremely high salinity.
Regardless, the trend is the same, the ΔpH increasing with
salinity.

ΔpH allows us to assess the magnitude of the difference
between the measured pH and the actual available protons for
reactions (i.e., acidity potential), as this difference is crucial for
the calculation of water quality parameters such as CCPP or
corrosivity. CCPP was calculated for all of the produced waters

Figure 3. Calculated ΔpH value as a function of the effluents’ TDS and ionic strength. (A and B) Lithium brine effluents from natural and
evaporation ponds (n = 552).6,30−55 (C and D) USGS produced waters geochemical database, with the sources of hydrocarbon mining types being
coal (coal bed methane (CBM)-produced water), geothermal, shale, sedimentary, and injection (n = 61 222; the data were averaged and grouped
to reduce overplotting, the data were grouped into bins of I, and values were averaged arithmetically56).
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at pH <6, and positive CCPP values were filtered out; 3035
effluents met these criteria (∼5% of the data set of 61 222),
with average TDS and ΔpH values of 290.5 g/L and 0.82,
respectively. This test shows that a large discrepancy exists
between the proton activity and concentration in brines with
moderate to high salinity, enabling positive CCPP values even
under relatively (apparent) acidic conditions (pH <6), which is
commonly the regulatory limit.3,4 This means that despite a
low pH, the potential negative effects (i.e., corrosivity)
associated with these low-pH brines (some of which can be
considered wastewaters) do not apply at high salinity. This
high ΔpH and positive CCPP discrepancy are primarily found
in the CBM, geothermal, and injection brines, accounting for
95% of all of the identified discrepancies (Figure 3C).
Overall, this study demonstrates that in high-salinity

solutions the measured pH does not reliably reflect the true
chemical conditions of the solution. A high ionic strength or
TDS leads to increased proton activity coefficients, resulting in
low pH values that do not necessarily indicate higher proton
concentrations and thus corrosivity or undersaturation with
respect to soluble minerals, such as calcite. These deviations
are nonlinear, and different parameters depend on the chemical
composition of the solution, making the task of characterizing
a hypersaline brine highly specific with few general rules of
thumb. Our results show that the underlying chemical
composition plays a crucial role in controlling the proton
activity coefficients and saturation indices, with significant
implications for the calculation of water quality parameters
such as SI and CCPP.
These results suggest that relying solely on pH for regulatory

compliance and engineering operations for hypersaline
effluents may result in erroneous estimations of the potential
corrosivity. Although EPA guidelines set the pH range to be
between 6 and 9 and permits of the state level consider a
broad, multiparameter criteria for each case, pH remains a
significant indicator of corrosivity risk. For example, the carbon
capture process of injecting CO2 into deep saline aquifers is
directly related to the ability of the saline solution to adsorb
the CO2 gas, which is a pH-dependent process. In addition,
Williams et al.5,6 reported that both natural and evaporation
lithium ponds had pH values ranging from 7.09 to 3.18, with
all sources having negative SI values (corrosive to calcite),
emphasizing the need for comprehensive brine character-
ization. The chemical composition of the water source is
critical; for example, high calcium concentrations may induce a
positive SI or CCPP value, even at very low pH values.
Therefore, when using the measured pH value as a sole
regulatory indicator, unnecessary effluent treatment may be
performed to meet regulatory requirements, which in turn can
lead to excess costs or even future project cancellations. For
better evaluation of effluent corrosivity or accurate chemical
characteristics, more advanced tools must be used, such as the
PHREEQC simulation software with the Pitzer database and a
suitable pH measuring technique for hypersaline solutions.
Also, standard simulation tools such as the Water-TAP3
software62 should be updated to include more detailed analysis
options for hypersaline solutions, such as ΔpH, which is
developed in this Letter. This manner of operation ensures
more reliable water characterization, which, in turn, leads to
more efficient decision-making.
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