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A B S T R A C T

Accurate pH determination in hypersaline brines is essential for reliable geochemical modeling and simulation, 
particularly for processes such as direct lithium extraction, carbonate precipitation potential calculations, brine 
reinjection assessments, and related applications. However, standard pH electrode calibration techniques may 
produce significant errors in concentrated brines due to elevated liquid junction potential (LJP) and ion in
teractions with the electrode's glass membrane. Here, we present a robust, field-compatible method for accurate 
pH measurement in high salinity brines, using standard combined glass pH electrodes and titration-based cali
bration with tailored buffer solutions. The technique integrates an online PHREEQC (Pitzer model) based soft
ware to prepare custom buffer solutions and calibration curves, enabling the re-analysis of field data for correct 
pH detection. The method was evaluated using data from 16 hypersaline brines across the full evaporation 
sequence of a lithium production plant in the Salar de Uyuni of Bolivia. pH values obtained using the new 
method resulted in substantially improved agreement between PHREEQC-simulated and measured total alka
linity compared to standard pH calibration. While simulations based on standard pH calibration showed 
increased scatter and large errors with increasing ionic strength (up to >95% in total alkalinity simulations), 
applying the new method reduces these errors to within ±10% across the entire salinity range. This approach 
provides a simple, generic, low-cost, and effective tool for improving the pH measurement and chemical char
acterization of hypersaline brine.

1. Introduction

pH is a parameter of high importance for water analysis and 
assessing water acidity, mineral precipitation potential (PP) or satura
tion index (SI) for solids, reduction-oxidation (RedOx) potential, and the 
saturation state of various gases (Benjamin, 2002; Birnhack and Lahav, 
2018; Charlton and Parkhurst, 2011; George et al., 2014). pH is a de
rivative parameter and must be coupled with other conservative pa
rameters such as alkalinity, total concentrations of weak acid systems 
and ions, ionic strength (I, expressed in units of molar “M”, mol/L or 
molal “m”, mol/kgw), and temperature.

The chemical composition of brines from different sources is a sub
ject of growing interest for harvesting energy using geothermal water 
(Sharmin et al., 2023; Soltani et al., 2021); metal extraction from brines 
such as lithium (Khalil et al., 2022; Mojid et al., 2024; Tabelin et al., 
2021), rubidium (Dagan-Jaldety et al., 2023; Xing et al., 2021), and rare 
earth elements (REE) (Xie et al., 2023); assessment of acid mine 
drainage and oil and gas produced waters (Blondes et al., 2023); lithium 

brine geochemistry from closed-basins (Williams and Vengosh, 2025; 
Williams et al., 2025); and carbon capture injection wells for CO2 
geologic sequestration (Celia et al., 2015; Ehlig-Economides and Econ
omides, 2010; Ellis et al., 2010; Rosenbauer et al., 2005; Wigand et al., 
2008). These topics have shown a steady increase over the past two 
decades, with more than 390 publications on brine chemistry alone in 
2024 (Scopus search, keywords: brine, chemical, composition) (“Scopus 
- Analyze search results,” 2025).

However, in hypersaline brines (brines with a total dissolved solids 
(TDS) value higher than 70 g/L or about twice the salinity of seawater 
(Shah et al., 2022)), the measured pH may not be a direct indication of 
the proton concentration, as is commonly assumed in less saline solu
tions, due to the extremely high proton activity coefficient (Benjamin, 
2002; Dickson, 1984; Müller et al., 2018; Papadimitriou et al., 2016; 
Sass and Ben-Yaakov, 1977). This may lead to low and less accurate pH 
measurements of brines, resulting in, among other things, incorrect 
evaluation of precipitation potential for different solids or gases, which 
are highly dependent on accurate pH analysis (Golan et al., 2014; Nativ 
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et al., 2026; Nir et al., 2014). Therefore, analysis of chemical properties, 
such as calcite precipitation potential, weak acid speciation, RedOx 
potential, and other pH-dependent parameters, requires an accurate and 
reliable pH measurement method under challenging hypersaline brine 
conditions (Nativ et al., 2026).

One field of the new technologies for lithium extraction is direct 
lithium extraction (DLE), which can be used with both low- and high- 
grade brines (e.g., aluminum hydroxide or manganese oxide ion sieves 
or sorbents (Saleem et al., 2025; Stringfellow and Dobson, 2021)). The 
efficacy and efficiency of such DLE technologies have a direct relation to 
the solution pH (recommended pH range of 5-9). This means that 
accurately characterizing the chemical composition of the solution is 
crucial for the choice of the extraction method. Another example is the 
calcium carbonate precipitation potential (CCPP) or SI, which is 
important for evaluating the fate of spent brines upon reinjection back 
into the underlying aquifer in the salar systems, aiming to avoid rock 
dissolution and/or reduced permeability that could cause sink-holes and 
property damage (Williams and Vengosh, 2025). Determining the cor
rect pH is also critical for CO2 sequestration into deep saline aquifers, as 
pH typically drops when CO2 dissolves in water, causing the aquifer to 
become corrosive, potentially impacting the hosting rock water-rock 
interactions (Ellis et al., 2010; Rosenbauer et al., 2005; Wigand et al., 
2008). Nir et al. (2014) showed that pH measurements for CCPP cal
culations at increased ionic strength above seawater (I > 0.7 M) have 
significant errors when using standard procedures for pH measurements.

Overall, accurately measuring pH in hypersaline brines is chal
lenging, and various approaches have been proposed to improve accu
racy, showing an error range of 0.03-0.15 pH units for ionic strengths of 
0.7-10 M (Golan et al., 2014; Nir et al., 2014). These are often complex 
methods, time-consuming, and/or require special analytical equipment. 
To perform a pH analysis in these non-ideal conditions, the measuring 
technique, its limitations, and merits must be fully understood. In this 
study, we propose a simple and robust method to accurately analyze the 
pH of hypersaline brines (I > 6 M) using a standard combined glass pH 
electrode calibrated with a custom curve, rather than specific calibration 
points, made with a simple titration-based method (Buck et al., 2002; 
Nir et al., 2014). We use this approach and demonstrate that it can be 
used with new and archived field pH measurements. To make this entire 
process readily approachable, a PHREEQC/Pitzer-based Excel software 
has been developed and is available for download in the supplementary 
section, allowing for easy calculations and analysis of titration results.

1.1. Fundamentals of pH measurement using a combined glass electrode

A combined pH electrode typically consists of a cell containing two 

reference electrodes separated by a salt bridge and a hydrogen ion 
(H3O+ or H+) sensitive glass membrane, as illustrated in Fig. 1. The pH 
electrode measures the electrical potential gradient across the glass 
membrane that develops from ionic exchange at the glass-solution 
interface, with a linear correlation to proton activity (Equation (1)).

When two electrolyte solutions with different compositions of ions or 
concentrations are separated by a selective barrier, such as a membrane 
or dense porous medium, an electrical potential develops at the interface 
of the two solutions (Buck et al., 2002; Graham et al., 2013; Hamann 
et al., 2007). In a combined pH electrode, this potential is referred to as 
the LJP and is developed over the salt bridge of the Ag/AgCl reference 
electrode (Fig. 1).

The measured electrical potential (typically measured in mV) of the 
cell is linearly correlated with the pH (or the activity of H+) of the test 
solution according to the following Nernst-derived equation (the slope 
under standard conditions is 59.6 mV/pH): 

E= E0 + ln(10)
RT
F

⋅pH (1) 

where E is the cell electrical potential (Volt); E0, the standard potential 
difference of the cell (V); R, gas constant (Joule⋅mol− 1⋅K− 1); F, Faraday 
constant (Coulomb⋅mole− 1); and T, temperature (K). E0 also includes the 
LJP across the salt bridge between the reference electrode and the 
measured solution, and its value is empirically verified by using pH 
buffer solutions with known pH values.

pH measurements at low ionic strength (I < 0.1 M) are well estab
lished, with accepted definitions and procedures (Buck et al., 2002). The 
standard method for pH measurement typically includes using two or 
more calibration buffer solutions with known pH. The pH electrode's 
electrical potential output for each buffer solution is recorded, and a 
linear regression equation is produced, with the pH as the dependent 
variable and the recorded mV as the independent variable. As the 
reference electrode connected to the glass membrane is immersed in a 
pH 7 solution (Fig. 1), the measured electrical potential of a pH 7 buffer 
solution is approximately zero, since almost no proton gradient should 
develop under these conditions.

When measuring pH in high salinity solutions (I > 0.1 M (Buck et al., 
2002)), several parameters may cause erroneous reading: (i) Different 
LJP due to high concentration gradient of the test solution compared to 
the pH calibration buffers, (ii) Interaction of ions with the proton se
lective glass membrane may also cause shifts in the electrical potential 
reading, and (iii) High viscosity may change the diffusion and mobility 
of ions in the solution and in the LJP, allowing for additional changes in 
the potential reading (Golan et al., 2014; Graham et al., 2013; Marcus, 
1989; Nir et al., 2014).

The change in the LJP is thought to be the major contributor to the 
error in pH readings of high-salinity solutions (Ben-Yaakov and Sass, 
1977; Golan et al., 2014; Knauss et al., 1990; Marcus, 1989; Nir et al., 
2014). Several methods have been proposed to address this issue: using a 
deconstructed pH electrode cell with two standalone ion-selective 
electrodes (ISE) without the salt bridge (Fig. 1) (Ben-Yaakov and Sass, 
1977; Golan et al., 2014; Knauss et al., 1990; Marcus, 1989); applying 
titration methods (Mesmer, 1991); and various remote and in-situ 
sensing methods (Avolio et al., 2022; Easley and Byrne, 2012; Millero 
et al., 2009). The absolute difference between the pH values obtained by 
the regular and the different proposed methods mentioned above (| 
pHregular - pHnew-method|) ranges from 0.05 to 0.2 pH units, with ionic 
strength values as high as 10 m (the Dead Sea (Golan et al., 2014),).

Dagan-Jaldety et al. (2025) and Nir et al. (2014) proposed to address 
the challenge of pH measurement in high salinity solutions using 
custom-made pH buffer solutions (at I < 2 M), allowing the calibration 
of the pH electrode to be done in close to real-life conditions, as well as 
using the PHREEQC software (modified Pitzer and SIT databases) to 
simulate the pH buffers' chemical composition and determine their ac
curate pH.

Fig. 1. Electrochemical scheme representation of a combined pH electrode.
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For computer simulation, the Pitzer model is regarded as the best 
available choice when modeling high salinity solutions. Standard 
models such as Debye-Hückel theory or the Bates-Guggenheim 
convention only work well at low ionic strengths (I < 0.1 M), while in 
concentrated brines, the models' simplifying assumptions are no longer 
valid. The Pitzer model, however, considers specific ion-solvent in
teractions, which become crucial for accurate simulation at high ionic 
strengths.

To create custom pH buffer solutions, weak acid systems must be 
modeled. This is a major limitation of the Pitzer model, which only in
cludes a few weak acid systems (i.e., H2CO3, H4SiO4, H3BO3). To expand 
the Pitzer model for the addition of weak acid systems for custom pH 
buffer calibration solution preparation (such as phthalic acid or phos
phoric acid (Nir et al., 2014)), ion interaction parameters must be fitted 
to experimental data, typically osmotic or activity coefficients, using 
methods like least-squares analysis. These parameters, often compiled or 
re-evaluated from the literature (Chan et al., 1995; Covington and Ferra, 
1994; Ferra et al., 2009; Millero, 2009; Pitzer, 1973; Spitzer et al., 
2011), allow for accurate modeling of complex solutions. Such param
eters are, however, often limited in applicability due to a lack of data on 
divalent ion interactions, and thus the Pitzer model can only be 
expanded to model solutions with dominantly sodium and potassium 
ions (Moog et al., 2015).

When characterizing hypersaline solutions (TDS >70 g/L), such as 
the brine from lithium evaporation ponds (Williams et al., 2025, 2026) 
or oil and gas produced waters (Blondes et al., 2023), elements such as 
magnesium, calcium, and iron, rather than sodium and potassium, may 
be (or become) the dominant cations. As a result, only the unmodified 
Pitzer database can be used in PHREEQC to accurately calculate ion 
activities, making the task of creating a custom pH buffer solution for 
these hypersaline brines highly challenging.

2. Materials and methods

2.1. Simulation tools

The PHREEQC software (Ver. 3.8.6.17100) (Charlton and Parkhurst, 
2011) and the Pitzer database (the standard unmodified database pro
vided with PHREEQC) were used for all solution simulations. A 
PHREEQC-powered software was written for the suggested titration 
method and is available online ( https://peel.twix.technion.ac.il/resear 
ch/resources/). A sample input syntax for PHREEQC, to simulate the 
titration data, is provided in Appendix A.

2.2. pH measurement setup

For pH measurements, a Metrohm combined pH glass electrode (3 M 
KCl) was used with a Metrohm 913 pH meter.

All pH measurements and titrations were conducted at 25 ◦C, using a 
water bath. The pH meter applies temperature correction to the elec
trode response, ensuring consistency of the measured potential.

Furthermore, temperature effects on solution thermodynamics 
(equilibrium constants, ion activities, and species distribution) are not 
corrected by the pH meter and must be accounted for in PHREEQC 
simulations. Accordingly, the simulation temperature should match the 
intended application: the laboratory temperature for comparison with 
measured total alkalinity (TA), or the field temperature for in-situ 
speciation analysis.

All chemicals were of analytical grade and were dried in a 50 ◦C oven 
before use; all solutions were prepared using Deionized water (DIW).

2.3. Brine sample chemical composition

16 brine samples from the Salar de Uyuni (SDU) lithium production 
plant in Bolivia were selected to evaluate and verify the method, using 
data reported in (Williams et al., 2025). Brine samples B1.0–5.0, 8.0, 

10.0, & 11.0 are natural brines, and samples B1.1–1.8 are brines 
collected from sequential evaporation ponds (numbered in order) used 
for lithium extraction. The chemical and physical composition, 
measured total alkalinity (TA), and simulated TA using PHREEQC are 
presented in Table 1.

2.4. Titration protocol and calibration curve

The protocol for producing the custom pH buffer solution and the 
titration method for producing the pH calibration curve are described 
below.

For all measurements, the electrode potential was considered stable 
when variation was less than ±0.5 mV over a 30 s interval, with a 
minimum equilibration time of 2 min at each titration step. At least 
triplicate titrations are recommended to ensure reproducibility and 
high-quality calibration (R2 > 0.98; see Table B1).

2.4.1. Reagents, equipment, and sample data

- Sample chemical and physical compositions: major cations, sulphate, 
boron, chloride, total dissolved solids (TDS), and specific density.

- A 0.4 M Boric acid, and 1 M NaOH solutions.
- The following salts (analytical grade, showing anhydrous form, hy

drated salts can also be used): MgCl2, CaCl2, NaCl, Na2SO4, MgSO4, 
LiCl and KCl.

- Basic water laboratory equipment.
- A combined pH glass electrode with a pH meter capable of displaying 

the measured electrical potential (U - in mV).

2.4.2. Protocol

Step 1 - custom pH buffer solution preparation (by using the online 
software) 
- Open the software web page (link in section 3.1) and fill in the 

sample chemical and physical data in the “Sample composition” 
table (marked 1).

- Choose the relevant salt's hydrated state (based on the salts avail
able to you) in the “Salt hydration state” table (marked 3).

- A recipe for the custom buffer is calculated in the bottom table 
titled “Buffer recipe - per 1 kg H2O”. All data is in mmol or g to 1 
kgw. Note that the mass of required water changes due to the hy
dration of the salt.

- Mix the salts and water, monovalent salts should be added prior to 
the addition of divalent salts to improve dissolution efficiency. 
After complete dissolution, filter the solution using a 0.45 μm filter 
and keep the buffer solution at 25 ◦C.

Step 2 - titration curve simulation and working details 
- In the “Titration setup” table (marked 2), enter the data of your 

acid, base, and sample solutions concentrations and volumes.
- For a 25 mL sample, 4-5 mL of boric acid is required to allow for a 

high buffer capacity. Please adjust the volume accordingly (for 
example, if a 50 mL sample is used, 10 mL of 0.4 M boric acid is 
needed, and so on).

- Choose the strong base volume, between 1 and 2 mL, and press the 
“Run simulation” button to update the “Titration results” table 
(marked 6) and Figs. 7–9.

- Aim at reaching results where the B4/B3 ratio equals close to unity, 
and with at least 2-3 titration steps before and after said point in 
the titration (see results section 3.1 Custom pH buffer solution 
definition, for details and explanations).

Step 3 - titration and results analysis 
- Use standard water lab titration procedure (magnetic stirrer, 

burette, etc.).
- Add to the buffer solution the required volume of the boric acid.
- Place the pH electrode (set the output to U - mV) in the buffer 

solution and wait until the reading stabilizes.
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- Add NaOH in the calculated volume titrations from Step 2.
- Record the mV output for each titration step.
- Place the mV data along with the pH data from the “Titration re

sults” table.
- Take the five titration points with the highest buffer capacity, i.e., 

the titration points for which the B4/B3 ratio is closest to unity, 
with two titration points before and after that point. Produce a 
calibration curve with the calculated pH on the y-axis and the 
measured mV on the x-axis. For example, if the B4/B3 ratio is close 
to unity after 7 titration steps, point 7 is taken as the middle point, 
together with points 5 and 6 before it, and points 8 and 9 after it.

- The linear regression is calculated automatically in Figure 7, "pH 
Calibration - mV vs. calculated pH".

Step 4 - pH analysis and re-analysis of previous data 
- Use the original brine sample and measure the mV output.
- Use the results with the produced function from step 3 to calculate 

the sample's pH using the new method.
- To re-analyze a sample's pH (if the sample is not available), use 

standard pH buffer solutions to calibrate the electrode, produce a 
calibration curve function, and derive the mV data from the 
recorded pH. Use the derived mV data in the custom buffer cali
bration function to recalculate the pH.

3. Results and discussion

3.1. Custom pH buffer solution definition

A critical requirement for a pH buffer solution is that its pH value 
must fall within a range of high buffer capacity, to allow for accurate pH 
reading and stabilization of the pH electrode output. Buffering capacity 
or buffering intensity (β) is defined as the change in pH due to the 
addition of acid or base. The equation for calculating β (with acid 
addition) is shown in Equation (2): 

β= −

(
dCa

dpH

)

(2) 

where Ca is the acid concentration (M).

Buffer capacity is inversely related to the change in pH; minor 
changes in pH correspond to higher buffer capacity, and vice versa. A 
buffer capacity curve can be constructed by titrating an acid or base and 
plotting β versus pH. When weak acid systems are present in the solu
tion, a high buffer capacity is observed at pH = pK (see Equation (3)), 
and high values are present at both high and low pH values due to the 
water system's buffering capacity (Benjamin, 2002; Lahav and Birnhack, 
2019). In this study, buffer capacity (β) is derived from PHREEQC 
simulations of the titration process and is not based on empirical mea
surements. Typically, single or several weak acids are used to prepare a 
pH buffer solution, such as phosphoric acid, phthalic acid, citric acid, 
and boric acid, among others. pH Buffer solutions prepared with weak 
acids that have a gas phase species (such as ammonia, carbonic, or 
sulfide weak acid systems) will be less stable over time due to gas-liquid 
equilibrium, making these types of acids an undesirable choice. In the 
Pitzer model, boric acid is the only weak acid system present without a 
gaseous phase (Equation (3)), making it the sole candidate for a custom 
pH buffer solution, as divalent ions must be accounted for in a generic 
brine simulation. 

B(OH)3 ↔ B(OH)
−

4 + H+, k = 10− 9.239 (3) 

The structural units of boric acid (B(OH)3, trigonal planar, defined 
here as “B3”) and the borate ion (B(OH)4

- , tetrahedral, defined here as 
“B4”) can polymerize to form polyborate ions (Mesmer et al., 1972; 
Zhou et al., 2011), along with divalent ion complexes (Williams et al., 
2025). For all calculations of buffer capacity of the custom pH buffer 
calibration solution using the boric weak acid system, B4 and B3 were 
used (their values represent a sum of all ionic complexes for each) 
instead of the free weak acid species (B(OH)3 and B(OH)4

- ; Fig. 2). For 
further details and explanations on the Boric acid system and polyborate 
complexes, we refer readers to (Williams et al., 2025).

In Fig. 2, two simulated buffer capacity curves are shown, with ionic 
background of deionized water (DIW) and of a lithium evaporation pond 
(Table 1, sample B1.8; (Williams et al., 2025; Williams et al., 2025), and 
a total boron concentration of 50 mM, showing the high buffer capacity 
at the point where B4 concentration equals the B3 species concentration 
(or the molar ratio between B4 and B3 is close to unity) (Williams et al., 

Table 1 
Chemical composition of the natural (shaded) and evaporation ponds brines from the Salar de Uyuni (SDU) lithium 
production plant. Data from Table S1 in (Williams et al., 2025).
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2025). The shift in the pK value of the hypersaline source relative to the 
DIW background arises from changes in solution ionic strength and the 
high proton activity coefficient under these conditions, which results in 
a low pH (both calculated and measured). Additionally, the increase in 
buffer capacity at pH values above 5.5 in the high-salinity example is 
primarily due to magnesium complexation with hydroxide ions. The 
condition B4/B3 ≈ 1 corresponds to equal concentrations of boric acid 
structures and borate structures and therefore occurs near the apparent 
pKa of the boric acid system. This point defines the region of maximum 
buffer capacity. Under hypersaline conditions, the apparent pKa is 
shifted due to ionic strength effects.

In the proposed new method presented in this study, a single pH 
buffer solution is used, as only the boric system is available in the un
modified Pitzer model, unlike typical pH calibration methods, which use 
two or more pH buffer solutions to produce the calibration curve. At 
least five titration points with high buffering capacity are selected from 
the titration curve data. High buffering capacity ensures a low error in 
pH reading and good stabilization of the pH electrode output. As 
explained in Section 3.4.2 (steps two and three), the value of the titra
tion point where the B4 to B3 ratio is close to unity is selected, along 
with at least four additional points, before and after this point. This 
ensures that the selected calibration points are within a pH range in the 
custom buffer solution with high buffering capacity (see Fig. 2B).

3.2. Re-analysis of field data

To assess the accuracy of the proposed method, 16 data points of 
brines from evaporation ponds in the SDU lithium production plant were 
reanalyzed using published data (Williams and Vengosh, 2025; Williams 
et al., 2025). The TA of the brine samples was measured using the Gran 
titration method (Gran, 1952; Lew et al., 2009). In this method, the 
analysis is not sensitive to the absolute pH value; as a linear regression of 
the titration data is used. Therefore, the TA value can be used to assess 
the validity of the proposed method, as it is almost pH-independent. 16 
custom pH buffer solutions were prepared from the chemical and 
physical data in Table 1, and the new method was employed to create 16 
calibration curves (n = 3). Using a standard pH calibration curve, the 
mV values of the samples were calculated, and their values were plugged 
into the new calibration curves to calculate new pH values for each of 
the 16 data points. The original (standard) and the new method's cali
bration curve data, and pH values are presented in Table B1, along with 
the standard deviations and coefficients of determination. Across all 
samples, the calibration slopes of the new method remain close to the 
theoretical value (Eq. (1)), whereas the intercept values vary with brine 
chemistry.

Williams et al. (2025) showed that the total alkalinity (TA) simulated 
by PHREEQC (Pitzer database) agrees with the measured TA and pH of 
the SDU brines (Table 1). The exceptions are the highly saline evapo
ration ponds (I > 10 M), which have measured TA values that are 
considerably different from those of the simulated values. TA is a 
function of the total concentration of the weak acid systems and pH, 
using converted equilibrium constants for the temperature and ionic 
strength (Benjamin, 2002; Lahav and Birnhack, 2019; Nir et al., 2014). 
Therefore, when simulating a sample solution from chemical composi
tion data (total concentrations) and measured pH, a higher pH will in
crease the calculated TA value, and vice versa.

Fig. 3 summarizes the results of the new pH calibration method 
compared to the standard calibration of the 16 samples tested. In 
Fig. 3A, TA values from PHREEQC simulations using pH values obtained 
by the new method more closely follow a 1:1 relationship with empiri
cally measured TA, whereas PHREEQC simulations based on standard 
pH calibration exhibit greater scatter and pronounced deviations at 
higher ionic strength. In particular, standard calibration yields a sub
stantial overestimation of TA in extreme ionic strength brines with pH 
deviating from circumneutral. Sample B1.8 has the highest ionic 
strength in the dataset (I ≈ 14.5 M) and exhibits a large discrepancy 
between the standard and recalculated pH values (Table B1). This is 
shown in the TA comparison, where standard pH calibration results in a 
95.9% simulation error, compared to 1.9% using the recalculated pH 
from the proposed method (Table B2). Fig. 3B shows the absolute error 
in PHREEQC simulated TA using standard and the new method pH 
values as a function of ionic strength. Errors associated with standard pH 
calibration increase with ionic strength and display large variability, 
including extreme values for the highest-salinity brine samples. Of the 
16 samples analyzed, one brine sample (pond B1.6) showed an absolute 
TA error of ~30% when the new calibration method was applied. This 
error may arise from analytical uncertainty in the reported chemical 
composition or from cumulative modeling uncertainty under extreme 
ionic strength conditions. In contrast, errors obtained with the new 
method remain comparatively low and bounded across the investigated 
salinity (ionic strength) range, indicating improved robustness under 
increasingly complex and challenging conditions of the hypersaline 
brines. Error-based statistical metrics indicate a substantial improve
ment in the simulation of the TA value using the proposed method. The 
mean absolute error (MAE), root mean square error (RMSE), and mean 
absolute percentage error (MAPE) were reduced from 6.72, 15.53, and 
13.0% (standard calibration) to 2.86, 6.31, and 5.02%, respectively 
(Table B2). Errors associated with standard pH calibration show a strong 
dependence on brine composition, such as higher error in Li-dominant 
brines and lower error with Na-dominant brines. In contrast, errors 

Fig. 2. B3 and B4 boron species distribution (green lines) and the calculated buffer capacity (β) curve (dashed black line), with DIW (I < 0.1 M) and pond sample 
B1.8 (I > 14 M) (Table 1) ionic background (A and B, respectively). (Pitzer database, [B]T = 50 mmol/L). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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obtained using the proposed calibration method exhibit substantially 
weaker correlations with cation ratios, indicating reduced sensitivity to 
brine chemistry (Table B2).

4. Conclusions

This study presents and verifies a new pH measurement method in 
hypersaline brines. The technique differs from previous procedures in 
that it uses a standard combined pH electrode and a source specific 
buffer solution, combined with a titration derived calibration curve. By 
using an ionic background similar to the investigated brine, the method 
accounts for LJP and ion exchange reactions with the glass membrane, 
which affect the standard pH measurements at high ionic strength. To 
validate the method, a full sequence of 16 hypersaline water sources 
from the SDU lithium production plant were re-analyzed. Results 
demonstrate improvement in pH derived geochemical simulations using 
the PHREEQC software (Pitzer database) even for extremely high 
salinity conditions. When standard calibration pH values were used in 
PHREEQC simulations, calculated TA exhibited increasing scatter and 
deviation with increasing ionic strength, including extreme over
estimation in the most concentrated brines (absolute error >95%). In 
contrast, using pH obtained from the new method to simulate TA closely 
reproduced empirically measured TA across the entire ionic strength 
range, with errors remaining bounded and generally within ±10%, even 
at extreme ionic strengths of ~15 M.

This approach, which relies on readily available combined pH glass 
electrodes and simple titration techniques, offers a practical and reliable 
solution for the field and laboratory analysis of complex hypersaline 
brines. The method was validated using hypersaline lithium-rich brines 
and is expected to be applicable to other hypersaline systems (e.g., 
geothermal reservoirs, oil and gas produced water, acid mine drainage 
effluents, and natural saline lakes such as the Dead Sea and Great Salt 
Lake), subject to further validation. The new method enables source- 
specific pH calibration in an ever-changing geochemical environment.
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APPENDIX A 

Sample input syntax for PHREEQC. The data used for this example is presented in Table A1, followed by the PHREEQC input syntax.
The composition of pond B1.1, the buffer salt recipe, and the titration data are presented in Table A1.

Fig. 3. (A) Comparison between empirically measured TA and PHREEQC simulated TA in brines collected from evaporation ponds in the Salar de Uyuni, Bolivia. 
Open triangles represent simulations based on standard pH calibration, and filled circles represent simulations using the new titration-based pH calibration method 
presented in this study. The dashed line indicates a 1:1 relationship, and (B) Absolute TA simulation error as a function of ionic strength. Standard pH calibration 
exhibits increasing scatter and large deviations at higher ionic strength, including extreme errors in the most concentrated brines, whereas the new method maintains 
bounded and generally lower errors across the investigated salinity range.

P. Nativ et al.                                                                                                                                                                                                                                    Applied Geochemistry 206 (2026) 106890 

6 



Table A1 
The data used to populate the PHREEQC syntax, showing the chemical 
composition of pond B1.1 (Table 1), the buffer recipe, salt, and water 
mass, and the titration setup data.

B1.1 chemical composition

Ion Concentration Unit

Na 74594.0 mg/L
K 25321.5 mg/L
Li 1284.1 mg/L
Mg 26700.9 mg/L
Ca 334.6 mg/L
SO4 11219.2 mg-S/L
B 1488.8 mg/L
Br 158.2 mg/L
Density 1.2357 kgs/L
TDS 286 g/L
pH 6.69 ​
Buffer recipe
Salt mmol g
MgCl2 787.81 75.01
CaCl2 8.79 0.98
LiCl 194.80 8.26
MgSO4 368.93 44.41
NaCl 3416.47 199.66
Na2SO4 368.93 52.40
KCl 681.93 50.84
H2O 55510 1000.00
Titration setup
H3BO3 0.4 M
V(sample) 25 mL
V(H3BO3) 5 mL
NaOH 1 M
V(NaOH) 2 mL
NaOH steps 0.1 mL/step

PHREEQC input syntax. 
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APPENDIX B 

Table B1 
Calibration parameters for the titration-based pH calibration curves were developed for each brine listed in Table 1. Also presenting the calibration curve data for 
standard pH buffers (pH 2, 4, and 7). Reported values include the linear regression slope (pH/mV), intercept (pH), associated standard deviations, and coefficients of 
determination (R2), n = 3.

Tag Slope STDV Intercept STDV R2 pH pH

pH/mV x10− 4 pH x10− 3 Standard New method

Standard − 0.0171 ​ 7.06 ​ 0.99992 ​ ​

B1.0 − 0.0166 0.3 7.10 2.5 0.99180 6.84 6.89
B2.0 − 0.0163 1.1 7.08 1.3 0.99994 6.69 6.74
B3.0 − 0.0166 0.9 7.07 14.6 0.99997 7.00 7.02
B4.0 − 0.0164 0.8 7.07 2.8 0.99995 7.09 7.10
B5.0 − 0.0172 13.0 7.08 18.2 0.96254 6.69 6.71
B8.0 − 0.0165 0.5 7.06 3.7 0.99994 7.00 7.00
B10.0 − 0.0163 0.7 7.09 4.7 0.99996 6.66 6.71
B11.0 − 0.0167 2.5 7.12 10.7 0.99987 6.75 6.82

B1.1 − 0.0163 0.6 7.09 9.1 0.99995 6.69 6.75
B2.2 − 0.0163 0.3 7.09 9.4 0.99998 6.63 6.68
B1.3 − 0.0162 0.7 7.10 3.0 0.99998 6.37 6.45

(continued on next page)
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Table B1 (continued )

Tag Slope STDV Intercept STDV R2 pH pH

pH/mV x10− 4 pH x10− 3 Standard New method

B1.4 − 0.0161 1.0 7.11 7.9 0.99997 5.39 5.55
B1.5 − 0.0161 0.3 7.10 7.7 0.99994 5.51 5.65
B1.6 − 0.0163 0.6 7.08 3.4 0.99994 4.63 4.78
B1.7 − 0.0171 2.2 7.20 10.8 0.99993 3.50 3.66
B1.8 − 0.0167 7.5 6.28 25.0 0.99928 3.18 2.50

Table B2 
Relative contributions of monovalent cations (Li, Na, K) to total monovalent cation concentration in the analyzed sources, together with absolute errors in PHREEQC- 
simulated TA using standard and new pH calibration methods. The table provides supporting information for assessing compositional effects on calibration 
performance.

Tag TA - empricial TA – simulation standard TA – simulation new method Li+ ratio Na+ ratio K+ ratio Error Error

meq/kgs meq/kgs meq/kgs M/M M/M M/M New method Standard

B1.0 22.4 21.2 22.4 0.03 0.85 0.12 0.1% 5.7%
B2.0 27.2 26.3 28.1 0.05 0.81 0.14 3.2% 3.2%
B3.0 18.3 17.2 17.7 0.02 0.88 0.10 3.4% 6.0%
B4.0 16.6 15.2 15.4 0.02 0.90 0.09 7.0% 8.4%
B5.0 28.4 27.3 28.0 0.05 0.81 0.14 1.2% 3.9%
B8.0 18.1 17.0 17.0 0.02 0.88 0.10 6.3% 6.3%
B10.0 24.1 22.3 23.7 0.05 0.81 0.14 1.7% 7.2%
B11.0 21.2 18.9 21.0 0.04 0.84 0.12 0.9% 10.8%

B1.1 28.4 26.4 28.3 0.05 0.80 0.16 0.3% 7.0%
B2.2 32.2 30.9 33.0 0.05 0.76 0.18 2.6% 4.0%
B1.3 40.8 37.8 41.8 0.08 0.66 0.26 2.6% 7.2%
B1.4 81.5 75.5 87.2 0.29 0.42 0.29 7.0% 7.4%
B1.5 80.0 77.4 87.4 0.26 0.44 0.30 9.2% 3.2%
B1.6 76.5 87.4 99.8 0.57 0.22 0.21 30.4% 14.2%
B1.7 63.3 51.8 61.7 0.87 0.10 0.03 2.5% 18.1%
B1.8 62.0 121.4 63.2 0.91 0.07 0.02 1.9% 95.9%

Data availability

We have added the data in the appendix, and shared a link to the 
software website.
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