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ABSTRACT 

We report the use of condensed phase membrane introduction mass spectrometry as a 

novel method for the determination of acid dissociation constants for hydrophobic 

organic acids in aqueous solution at nanomolar concentrations. The technique is based on 

the pH dependent permeation of analytes through a semi-permeable 

polydimethylsiloxane membrane probe that is immersed directly in aqueous samples. We 

describe the method and report pKa values for compounds of biological and 

environmental relevance, including contaminants, pharmaceuticals and naphthenic acids. 

The approach can be applied to individual compounds, combined suites and complex 

mixtures at parts-per-billion levels. We report pKa values for ten carboxylic acids with 

precision estimates and relative errors (where reliable literature values are available) of 

less than 0.1 log units. Acidity constants for 2-methyl-3-methoxy-4-phenyl butanoic acid 

(a biomarker for microcystin algal toxins) and 4-t-butylcyclohexane carboxylic acid (a 

model naphthenic acid) are reported here as 4.28±0.03 and 5.15±0.05, respectively. 

Further, we employ this approach to measure the effect of both temperature and 
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deuterium oxide (heavy water) on acid dissociation, reporting the enthalpy and entropy 

changes for the ionization of a representative carboxylic acid and substituted phenol.  

INTRODUCTION 

Many organic compounds have functional groups that can exist in both ionized 

and non-ionized forms in aqueous solution. These include a wide variety of 

environmentally and biologically relevant compounds that have acid-base properties 

including those with amino groups, phenols and carboxylic acids. The degree of 

ionization has a significant effect on the lipophilic nature and chemical behaviour of trace 

organic compounds in aqueous solution. Consequently, the pKa is one of the most 

frequently used physicochemical properties, influencing absorption, distribution, 

metabolism, excretion, receptor binding, and toxicity in the body as well as fate, transport 

and distribution in the environment (Reijenga et al. 2013).  

The extent of ionization is governed by the acid dissociation constant (Ka) and the 

ambient pH as illustrated in the expression for the fractional abundance of the protonated 

form (αHA) shown here for a monoprotic acid (Schwarzenbach et al. 2016), described 

further in the Supporting Information. 

𝛼𝐻𝐴 = [𝐻𝐴]
[𝐻𝐴]+[𝐴−]

= 1
1+ 10(𝑝𝐻−𝑝𝐾𝑎) (1) 

The protonation state plays a crucial role in determining important intrinsic properties of 

organic molecules, not the least of which being water solubility, which can vary over 

several orders of magnitude (Schwarzenbach et al. 2016). This in turn, has a dramatic 

effect on the partitioning behaviour of these compounds (most notably the octanol-water 
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constant, Kow and the air-water constant, Kaw), which are highly sensitive to the ambient 

pH, particularly when it is close to the pKa of the compound of interest. These partition 

constants are widely used in predictive models used to assess bioaccumulation, 

physiological uptake and long range atmospheric transport (Goss 2008).  

Given the central role of acid dissociation constants in predicting the behaviour of 

organic molecules in aqueous systems, it is important to have reliable experimental pKa 

values. A number of conventional experimental techniques have been used to determine 

Ka values for organic molecules, however many of these require relatively large 

(milligram) quantities of pure material and the use of organic co-solvents (Reijenga et al. 

2013). Historically, acid dissociation constants were determined potentiometrically using 

a pH electrode and large-volume titrations. However, this method has several drawbacks 

that can limit its applicability, especially for compounds with low water solubility. While 

this method can be amended by using miscible co-solvents, this approach typically 

requires multiple determinations in a dilution series of co-solvent (usually methanol or 

ethanol) and extrapolation back to 100% aqueous solution (Reijenga et al. 2013). In 

addition to being time consuming, there is some evidence that co-solvents can have non-

linear effects on stabilization of the conjugate base and consequently the magnitude of 

the determined Ka (Kutsuna et al. 2012). Spectrophotometric techniques can be employed 

for organic compounds by exploiting differences in the absorption extinction coefficients 

between the protonated and deprotonated forms. Such techniques can be automated, but 

again require pure solutes, typically millimolar concentrations, and are constrained to 

those molecules with a chromophore in close proximity (or conjugated) to the acid 

dissociation site. More recently, separation methods such as high performance liquid 
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chromatography (HPLC) and capillary electrophoresis (CE) have employed pH 

dependent capacity factors and effective mobilities, respectively to calculate acid 

dissociation constants (Gluck and Cleveland Jr. 1994; Oumada et al. 2002; Babic et al. 

2007; Demiralay et al. 2009). These methods have the added advantage of working well 

with micromolar concentrations and mixtures of analytes (Reijenga et al. 2013). 

Additionally, when paired with mass spectrometry (CE-MS), both the sensitivity and 

selectivity are improved (Wan et al. 2003). However, this method does require careful 

pairing of analytes and buffer solutions, and may need to account for the effect of ionic 

strength on the apparent pKa (Reijenga et al. 2013). This is especially true when the MS 

utilizes electrospray ionization (ESI), which requires relatively volatile buffers, and is 

particularly prone to ionization suppression effects (King et al. 2000). Cabot et al. has 

recently reported a sequential injection CE instrumental method for high throughput 

determinations that overcomes some of these challenges (Cabot et al. 2015). 

Experimental methods are further complicated for compounds with extremely low water 

solubility and the formation of aggregate clusters that can have apparent pKa values 

differing from the free monomers (Cistola et al. 1988). As an alternative to experimental 

methods, a number of computational techniques can be used to predict or calculate acid 

dissociation constants. However, semi-empirical methods depend on good experimental 

values to parameterize structural group contributions (Schwarzenbach et al. 2016). For 

example, in the case of perfluorinated compounds, the limited availability of reliable 

experimentally determined dissociation constants results in greater uncertainty in 

calculated and/or predicted values (Rayne and Forest 2009).  
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Since many emerging contaminants and pharmaceuticals are available in limited 

quantity and sometimes only in a mixture, techniques that exploit the sensitivity and 

selectivity of mass spectrometry are inherently advantageous. Membrane Introduction 

Mass Spectrometry (MIMS) is a simple, direct mass spectrometric strategy that can be 

used for the fast and continuous measurement of free analyte concentrations in bulk 

solutions, even in complex, heterogeneous samples (Krogh and Gill 2014). The technique 

employs a semipermeable membrane interface in direct contact with the sample. 

Molecules that permeate the membrane are transferred to the mass spectrometer as a 

mixture and analyzed in ‘real-time’. A variant known as condensed phase membrane 

introduction mass spectrometry (CP-MIMS) employs a solvent acceptor phase to 

transport permeating analytes to an atmospheric pressure ionization source of a mass 

spectrometer (Krogh and Gill 2018). A convenient configuration involves a 

polydimethylsiloxane (PDMS) capillary hollow fibre membrane (CHFM) mounted on an 

immersion probe that can be submersed into a sample. Methanol flowing from a solvent 

reservoir through the lumen of the CHFM effectively transports analytes to an 

electrospray ionization source of a mass spectrometer (Duncan et al. 2013; Duncan et al. 

2016). The PDMS polymer membrane acts as an effective online sample ‘clean-up’ by 

removing particulate matter and chemical interferents such as salts, and other hydrophilic 

components and can also act to pre-concentrate hydrophobic analytes. The resulting 

steady-state signal is proportional to the thermodynamic activity of the analyte in the 

sample. CP-MIMS therefore provides an expedient means to measure the free solution 

phase concentration of hydrophobic compounds at trace levels in complex mixtures and 

solutions. We report the application of the technique to directly measure the acid-base 
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dissociation constants of organic compounds at nanomolar concentrations in water under 

a variety of conditions.  

Figure 1 illustrates the permeation of hydrophobic molecules in an aqueous 

solution through a PDMS membrane into the methanol acceptor phase. Molecules that 

are in their ionized form in the aqueous sample solution (i.e., protonated bases and 

deprotonated acids) do not permeate the membrane and are consequently not measured. 

Titrating the sample shifts the acid-base equilibrium in the sample solution, thus 

changing the free concentration of the neutral form of the analyte. A schematic MS signal 

chronogram is depicted in Figure 1B, where an organic carboxylic acid is added to an 

acidic solution giving rise to a signal (Smax) that is proportional to the total concentration 

of the analyte. Adjusting the pH of the sample close to the pKa of the analyte, lowers the 

concentration of the neutral form of the organic acid, giving rise to a signal (SpH). 

Provided that the pH of the solution is known (or can be determined), the pKa can be 

calculated using a variant of the familiar Henderson-Hasselbalch equation (Perrin and 

Dempsey 1974). 

𝑝𝐾𝑎 = 𝑝𝐻 − 𝑙𝑜𝑔 ��𝑆𝑚𝑎𝑥−𝑆𝑝𝐻�
𝑆𝑝𝐻

� (2) 

where, (𝑆𝑚𝑎𝑥− 𝑆𝑝𝐻)
𝑆𝑝𝐻

=  ([𝐻𝐴]𝑇−[𝐻𝐴])
[𝐻𝐴] =  [𝐴−]

[𝐻𝐴]
  (3) 

for a generic monoprotic acid (HA) and the intensity of the MS signals Smax and SpH are 

proportional to the equilibrium concentrations of the free monomeric acid. 



 

This article is protected by copyright. All rights reserved. 

A
cc

ep
te

d 
A

rt
ic

le
 

In this paper, we report on the pH dependent membrane transport behavior of 

trace organic compounds in water and use this to experimentally measure acid 

dissociation constants for 12 compounds of environmental and physiological relevance as 

well as for a complex mixture of naphthenic acids at trace levels in water. Further, 

investigations of the effect of temperature and heavy water upon the dissociation of 

selected compounds are presented. 

MATERIALS AND METHODS 

Reagents and solution preparation 

All reagents were obtained from Sigma Aldrich with purity greater than 97%, 

unless otherwise noted. Lauric acid (99.5%) was obtained from Mallinckrodt Baker. 

Perfluoro-n-octanoic acid and 2-perfluorohexylethanoic acid were purchased as 1 mL 

stock solutions in methanol (50 μg/mL) from Wellington Labs at > 99%. 2-methyl-3-

methoxy-4-phenylbutanoic acid (MMPB) was supplied as an analytical standard solution 

(10 μg/mL) from the National Research Council Canada, Measurement Science and 

Standards (Halifax, Canada). Merichem is a refined complex commercial mix of 

naphthenic acids with unknown individual structures (Merichem Company). 

Concentrated hydrochloric acid, sodium hydroxide pellets and HPLC grade methanol 

were purchased from Fisher Scientific. Deuterium oxide (D2O), deuterated methanol 

(CH3OD) and solutions of NaOD (40% wt) and DCl (35% wt) were 99.9, 99.5, 99, 99 

atom % deuterated, respectively. A reagent table listing CAS#, source and purity of 

specific compounds is presented in Supplemental Information (Table S1). Stock solutions 

of analytes were prepared gravimetrically in HPLC grade methanol and diluted in MilliQ 
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deionized 18 MΩ.cm water to generate an aqueous sub-stock solution, unless otherwise 

noted. Samples used for pKa analysis typically contained less than 0.1% MeOH. NaOH, 

NaOD, DCl and HCl sub-stock solutions were prepared from concentrated stock 

solutions. Aniline-d5, lauric acid-d2 and 2-methoxylphenol were added to the methanol 

acceptor phase reservoir at 5 ppb to correct for instrument signal drift and any ionization 

suppression effects (Duncan et al. 2014) during the pKa determinations of aniline, 

carboxylic acids and phenols, respectively.  

The pKa determinations were carried out in dilute aqueous solution in the 25 – 

100 ppb (100 – 500 nM) concentration range. Determinations for n-decanoic acid, 

aniline, triclosan, n-octanoic acid, 2-perfluorohexylethanoic acid (FHEA) and perfluoro-

n-octanoic acid (PFOA) were completed with solutions containing individual compounds. 

In addition, several experiments were carried out with combined suites of compounds 

including those with environmental and biological relevance. Structures of all compounds 

studied appear in Figure S1 (Supplemental Information). 

Instrumentation  

The free solution phase concentrations of trace analytes were directly measured in 

aqueous solution, using the steady state signal intensity from CP-MIMS as described 

previously (Duncan et al. 2013; Duncan et al. 2014). An immersion probe constructed 

with hypodermic stainless steel tubing (22 gauge, Vita Needle Co.) and a 2 cm length of 

polydimethylsiloxane (PDMS) hollow fibre membrane (Dow Corning Silastic® tubing, 

outside diameter (OD) = 0.64 mm; inside diameter (ID) = 0.30 mm; 170 µm thickness). 

PDMS membranes were cleaned by soaking in methanol before use. A methanol acceptor 
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phase was pumped at 200 uL/min through the hypodermic and hollow fibre polymer 

membrane with a micropump (Cheminert model M6, VICI) and passed to an electrospray 

ion source of a triple quadrupole mass spectrometer (Waters, Micromass Quattro-LC) as 

depicted in Figure 2. Nitrogen (Praxair) was supplied at 750 L/hr and 50 L/hr for 

desolvation and cone gas, respectively. Scan dwell times were typically 0.5 – 1.0 seconds 

in duration per m/z, with the exception of the Merichem analysis, where dwell times were 

0.2 seconds. Analytes were monitored in selected ion monitoring and/or tandem MS 

mode, summarized in Table 1. Mass spectrometric signals were obtained for steady state 

signals, where the signal chronograms demonstrated no significant change or drift for a 

period of 5 minutes or longer. The signal intensity used in subsequent calculations was 

averaged over ca 30 data points during this time frame.  

pKa determinations 

Dilute solutions of organic compounds in deionized water were analyzed in ~40 

mL samples, previously observed (Duncan et al. 2013) to yield constant analyte signal 

chronogram responses when analyzed by CP-MIMS over the experimental time scale 

used (i.e., no observable analyte depletion). The pH of experiments was monitored 

continuously using a calibrated glass electrode (Accumet 13-620-108A, Fisher Scientific) 

and pH meter (Accumet AR20, Fisher Scientific) inserted into a capped 100 mL glass 

bottle along with a temperature probe and the CP-MIMS probe. The meter was calibrated 

daily at 2.00, 4.00, 7.00, 10.05 with fresh buffers (Fisher Scientific) and temperature 

compensated to 25.0oC. Samples were mixed continuously at ~600 RPM using a 

magnetic stir plate (Corning PC-420D, Cole-Parmer). pH adjustments were carried out 

via small volume (μL) additions of dilute NaOH/HCl, made through an access port in the 
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cap using a micropipettor (Fisherbrand Elite, Fisher Scientific) until the desired pH was 

obtained. Corrections to account for the dilutions resulting from the slight increase in 

sample volume were included in subsequent calculations. As an alternative strategy, we 

also explored spiking analyte into pre-made buffer solutions, yielding very similar 

results. The former method was preferred because it relies on a single spike addition, 

yielding a fixed total analyte concentration, allowing replicate pKa determinations made 

at a series of pHs near the pKa of interest.  

The linear calibration range for the CP-MIMS measurements were established 

using multi-point (internal standard corrected) direct calibrations (Figure S2 in 

Supplemental Information) for each analyte at a pH where the neutral form predominates 

(i.e., pH >> pKa for basic analytes such as aniline, and pH << pKa for phenols and 

carboxylic acids). Single point calibrations within this range (less than 100 ppb) were 

also conducted as part of the same experimental run as pKa determinations for a given 

compound/s to account for any day-to-day variation in instrument sensitivity. Several pH 

adjustments near the analyte pKa were employed to provide multiple calculated pKa 

values within a single run. In the results that follow, n represents the number of replicate 

experiments and, where multiple calculated pKa values are computed from a single 

experiment (Figure 3), m represents the number of calculation replicates across all 

experiments (Table 2). In cases where n=1, the standard deviation reported represents the 

variance in the calculated pKa values within a single experiment. In cases where n>1, the 

standard deviation reported represents the variance in the mean pKa values.  

Triclosan (a substituted phenol) displayed some anomalous behavior in CP-MIMS 

measurements, where the drift in the mass spectrometer signal was not fully compensated 
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using the internal standard, perhaps due to analyte volatility and loss over the course of 

the experiment. In such cases, the signal intensity for the fully protonated form at pH ~ 5 

was recorded before and after the titration. A time weighted average signal was employed 

to determine Smax in calculations of the pKa. In some experiments, a slow decrease in the 

sample pH was observed when no pH adjustments were being made around pH ~ 7 – 8, 

perhaps due to the dissolution of ambient carbon dioxide into the sample. As an internal 

check, the pKa of triclosan was determined by CP-MIMS using weak (< 1 mM) buffer 

solutions at pH 7.72, 8.05, and 8.45, which yielded acid dissociation constants within our 

experimental uncertainty. Since triclosan exhibits pH dependent absorption 

characteristics, its pKa was independently determined spectrophotometrically to be 8.1 ± 

0.1 by methods described elsewhere (Woislawski 1953; Marrs 2001). An overlay of the 

uv/vis spectra is provided in Supplemental Information (Figure S4). 

Naphthenic acids 

Aqueous solutions containing 0.5, 1.0 and 2.0 ppm of Merichem naphthenic acids 

(NAs) were analyzed by CP-MIMS using selected ion monitoring (SIM) in negative ion 

mode with a cone voltage of 30V. The membrane permeable NA fraction that readily 

ionizes in negative ion ESI displays roughly 100 observable peaks between m/z 150 – 350 

at unit mass resolution (Duncan et al. 2016). Selecting the 30 most abundant m/z values, 

we monitored the changes in their relative signal chronogram intensities as a function of 

the sample pH to generate apparent pKa values for given isomer classes. While many of 

the NA m/z followed the trend expected for carboxylic acids (i.e., signal intensity drops 

as the pH is increased), a number of the nominal mass channels (particularly at m/z > 
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280) displayed anomalous behavior, wherein signal intensities actually increased and 

consequently not used in pKa determinations.  

Temperature effects and D2O experiments 

Temperature controlled experiments were carried out in a 30 mL capped glass 

sample vial (Wheaton Science Products) submersed in a temperature controlled 

recirculating water bath (NESLAB RTE-101). Sample vials were allowed to reach 

thermal equilibrium before the experimental determination of pKa, and continuously 

monitored with a temperature probe. The pKa of triclosan and gemfibrozil were also 

measured in D2O. For these experiments, the pH electrode was calibrated daily in freshly 

prepared citrate, phosphate and carbonate buffers prepared in D2O using pD values 4.293, 

7.428, and 10.730, respectively (Perrin and Dempsey 1974). Stock solutions of analytes 

were prepared as before in MeOH and diluted in MeOD and D2O to a desired 

concentration (~50 ppb). As before, the final MeOH/D concentrations were less than 

0.1%. Concentrated stock solutions of DCl and NaOD were diluted in D2O for pD 

adjustments.  

Data processing and analysis 

Raw signal chronograms obtained from the instrument data system software 

(MassLynxTM, Waters, Micromass) were exported to a spreadsheet (Excel, Microsoft), 

where they were smoothed using 10-point boxcar averaging, baseline subtracted, and 

corrected for any ionization suppression and/or instrument drift, using the appropriate 

internal standard (IS), present in each experiment in the acceptor phase. The IS signal at 

any given time (ISt) was expressed relative to an averaged IS signal during a blank run at 
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time zero (ISt0). The time dependent normalized IS signal (Nt) was typically in the range 

of 0.95 – 0.85 (indicative of 5-15% drift), however for a few of the longer experiments 

(e.g., > 200 mins), the value of Nt occasionally dropped to around 0.7 (~30% drift).  

𝑁𝑡 = 𝐼𝑆𝑡
𝐼𝑆𝑡0

 (4) 

The relative signal intensity for the acceptor phase internal standard (Nt) is subsequently 

applied to the signal intensity for the analyte signal (At). The corrected analyte signal 

intensity (S’t) is thus given by;  

𝑆𝑡′ = 𝐴𝑡
𝑁𝑡

 (5) 

An acceptor phase internal standard with the same functional group as a given analyte 

was employed for these corrections (Table 1). Best fit lines for calibration curves and 

van’t Hoff plots were obtained by least squares analysis using the LINEST function in 

Excel.  

In addition to calculating the pKa at a given pH using Equation (2), the relative corrected 

MS signal (S’pH/S’max) for each analyte in a combined suite of five carboxylic acids was 

plotted versus pH. The resulting data was fit to a sigmoidal curve using a non-linear 

regression ‘nlinfit’ algorithm in MATLAB (Mathworks) to solve for pKa as the inflection 

point (described in more detail in Supporting Information). 

Thermodynamic parameters were derived from the temperature dependent acid 

dissociation constants using the van’t Hoff treatment, plotting ln Ka versus inverse 
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temperature (Equation 6). The standard enthalpy and entropy changes were determined 

from the slope and y-intercept, respectively (Figure 5).  

𝑙𝑛𝐾𝑎 = −∆𝐻°

𝑅𝑇
+ ∆𝑆°

𝑅
   (6) 

RESULTS and DISCUSSION 

We exploit the pH dependent membrane transport behaviour of molecules with 

ionizable functional groups to directly interrogate the fractional abundance of the neutral 

form of an analyte in dilute aqueous solution at nM (ppb) levels. A typical experiment 

involves monitoring the signal intensity using selected ion monitoring (SIM) and/or a 

tandem mass spectrometry (MS/MS) transitions (Table 1) over time as the pH of the 

sample is adjusted via the addition of acid or base. Working within the linear calibration 

range for a given analyte (Figure S2), the signal intensity is proportional to concentration. 

The signal of the fully protonated form of an acid (pH << pKa) or the fully deprotonated 

base (pH >> pKa) is employed to calculate the fractional abundance using the steady state 

signal at a pH ~ pKa. This pair of data points along with the measured pH is used in 

Equation (2) to compute an acid dissociation constant. If several pH adjustment steps 

close to the analyte pKa are captured in a given experiment, the calculation can be 

repeated several times within a given experiment. Figure 3 illustrates this behaviour for 

A) decanoic acid and B) aniline. The MS signal for decanoic acid (present in the neutral 

protonated form at pH 2.62), is titrated by the stepwise addition of base. As the decanoate 

ion does not pass through the membrane into the acceptor phase, the MS signal decreases 

in accordance with the corresponding decrease in fractional abundance of decanoic acid 

present in solution. Complementary behaviour is observed for aniline as it is ionized 
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under acidic conditions and the addition of base increases the fractional abundance of the 

neutral (membrane permeable) form. The data in Figure 3 was used to calculate three pKa 

values for decanoic acid (m=3) and four pKa values for aniline (m=4) using a pairwise 

approach.  

A complementary strategy, in which similar data can be used to compute acidity 

constants, is depicted in Figure 4, where the relative corrected MS signal is plotted across 

a range of pHs near the pKa and fit to a sigmoidal curve using a non-linear fit algorithm 

(Supporting Information). The pH at the inflection point is equal to the acid dissociation 

constant. pKa values computed from the pairwise approach illustrated in Figure 3 and the 

non-linear curve fitting depicted in Figure 4 are in agreement within the estimated 

precision. It should be noted that the data in Figure 4 was obtained for a combined suite 

of compounds allowing for the simultaneous determination of multiple pKa values in a 

single experiment.  

Acid dissociation constants have been experimentally determined for twelve 

organic compounds at room temperature at nanomolar (ppb) levels aqueous solution, and 

are reported as pKa values in Table 2. We show that the pKa of several compounds can be 

determined in a single mixture, provided that total concentration is kept below 250 ppb, 

and that structurally related internal standards are directly infused at low concentration (< 

25 ppb) in the acceptor phase to correct for signal drift (Table S2). No appreciable 

differences were observed between dissociation constants measured individually or in 

combined suites. For example, the pKa of decanoic acid was determined to be 4.73 ± 0.10 

as a single analyte and as 4.97 ± 0.11 in a solution containing gemfibrozil, lauric acid, 4-

t-butylcyclohexanecarboxylic acid, and ibuprofen.  
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Furthermore, the pKa of decanoic acid was determined at three different 

concentrations (ranging from 25 – 100 ppb), and showed no significant dependence on 

concentration. In all, a total of thirty (m=30) calculated values for the pKa of decanoic 

acid were determined from a total of ten experiments (n=10). Both the precision and bias 

are reported in Table 2 as 0.1 log units, providing us with confidence in the robustness of 

the technique. Although ESI is known to be prone to ionization suppression (particularly 

at higher analyte concentrations) and drift over long periods of operation, these issues 

appear to be corrected by normalizing the analyte signal intensity to that of a structurally 

related IS in the acceptor phase (Duncan et al. 2014). Adjustments of pH that lead to > 

90% or < 10% of the maximum signal intensity (Smax) were excluded from the mean pKa 

calculation to minimize their effect on the propagated uncertainty. Experiments in which 

significant signal drift or ionization suppression (i.e., > 30%) was observed were 

similarly excluded.  

Because MS based techniques are inherently sensitive, we are able to work at low 

analyte concentrations and avoid the necessity of co-solvents and the rigorous 

extrapolation to pure water conditions, which can be non-trivial and require laborious 

mixed solvent pH standardizations (Oumada et al. 2002; Demiralay et al. 2009). The total 

methanol concentration in our samples arising from serial dilutions from methanol stock 

solutions was kept below 0.1% (w/w), although no significant change in the measured 

pKa value was observed for 50 ppb decanoic acid in solutions containing up to 1% (w/w) 

methanol (data not shown).  

Despite the importance of accurate pKa determinations for reliable physiological, 

environmental, and semi-empirical computational applications, it can be difficult to 
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obtain defensible literature values. Issues pertaining to a lack of experimental details such 

as temperature, ionic strength, and the use of co-solvents, as well as information related 

to the concentration of analyte and precision estimates makes a systematic comparison to 

our reported results difficult. Where available, we report literature values in Table 2 for 

comparison (noting that some literature values are provided with limited experimental 

information). No experimentally determined pKa values for 4-t-butylcyclohexane 

carboxylic acid and 2-methyl-3-methoxy-4-phenyl butanoic acid were found and the 

range reported for perfluoro-n-octanoic acid spans both computational and experimental 

values (vide infra). We observe very good agreement between our values and those 

previously reported. For example, our values for ibuprofen and naproxen both exhibit a 

∆pKa of -0.07 to the mean of recently reported literature values (Oumada et al. 2002; 

Demiralay et al. 2009; Cabot et al. 2015).  

In general, we observed good precision, with standard deviations in the pKa 

values typically less than 0.1 log unit. One notable exception to this is triclosan, where 

we have observed greater signal drift and less reproducibility using the CP-MIMS 

method, which yields a pKa of 8.3 ± 0.2. Since triclosan is a substituted phenol (Figure 

S1), it has a chromophore conjugated to the ionization centre which can be employed to 

determine its acidity, albeit at higher concentrations than those required by mass 

spectrometry techniques. Using spectrophotometry, we obtain a pKa value of 8.1 ± 0.1, 

which is in good agreement with the value obtained by CP-MIMS and the literature value 

reported at 7.9 (Savage 1971). It should be noted that triclosan is the only example of a 

substituted phenol included in this study. Because of the anomalous signal drift that is not 

entirely corrected with the acceptor phase standard, we are more cautious in the 
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applicability of this method to phenolic compounds without further investigation. The 

compound 4-t-butylcyclohexane carboxylic acid is an aliphatic C11 monocyclic 

carboxylic acid, and has been used as a model NA (Woudneh et al. 2013). Our measured 

pKa value of 5.13 is in the expected range for an aliphatic carboxylic acid 

(Schwarzenbach et al. 2016) and similar to those obtained using our approach for the 

naphthenic acid isomer classes present in a commercial mixture (Table 3).  

The presented CP-MIMS based method allows the acid-base behaviour of 

sparingly soluble compounds to be investigated at concentrations below the aggregation 

threshold observed for some fatty acids (Small et al. 1984; Burns et al. 2008), allowing 

measurements of the free monomer forms. Furthermore, there is a significant advantage 

of in-situ MS techniques, which have the ability to measure partitioning behaviour under 

complex conditions relevant to a particular application (e.g., biological fluids for 

pharmaceuticals or natural waters containing colloidal suspensions for environmental 

contaminants). While the method described here is easy to apply and has a number of 

advantages, it does have some limitations that are worth noting. For example, it can only 

be applied to analytes that have a neutral, membrane permeable form. While other 

membrane materials are available with different perm-selectivity characteristics (e.g. 

anion permeable), the method presented relies on the membrane being selective for only 

one of the acid/base pair. Secondly, the use of ESI, while sensitive, can also present some 

challenges resulting from ionization suppression by co-permeating molecules (Duncan et 

al. 2014). This can be mitigated using corrections from a continuously infused IS in the 

acceptor phase, and lower analyte concentrations, but these approaches can introduce 

greater uncertainty in the final result (Duncan et al. 2014). Alternate ambient ionization 
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strategies, such as atmospheric pressure chemical ionization (Gross 2004) and liquid 

electron ionization (Famiglini et al. 2018) are less prone to ion suppression and can be 

used instead of ESI, if necessary. Finally, although we describe the use of a calibrated 

glass electrode to measure the pH of the sample directly, it should be noted that this can 

be avoided by adding an internal standard acid/base to the sample solution with a 

precisely and accurately known pKa in a manner similar to others (Cabot et al. 2015). 

Measuring the fractional abundance of an appropriate internal standard compound allows 

one to then calculate the pH of the sample without the need for calibrated pH 

measurements.  

Naphthenic acids 

Naphthenic acids (NA) are a diverse assemblage of aliphatic, alicyclic and 

aromatic carboxylic acids associated with heavy crude oils and oil sands process waters 

(Brown and Ulrich 2015; Headley et al. 2016; Kovalchik et al. 2017). While the 

structural diversity is wide and includes heteroatoms such as N and S, NAs that are 

classically defined by their isomer class CnH2n-zO2, (where n=number of carbons, 

typically 8 – 20 and z = number hydrogen deficiencies, typically 2 to 8) have been found 

to be associated with acute toxicity (Bartlett et al. 2017). The deprotonated carboxylic 

acids have been reported to have modest octanol-water partition constant (Zhang et al. 

2015) with Dow at pH 8.4 ranging from 0.01-100. However, in acidic solution (pH < 4), 

we observe much higher values with log Dow in the 3-8 range (Duncan personal 

communication), which make them good candidates for membrane transport through 

PDMS. We have previously reported the pH dependent membrane transport of NAs 

(Duncan et al. 2016). Here, we employ this behaviour to compute an apparent pKa of 
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isomer classes present in a commercially available NA mixture. While NA mixtures have 

been characterized by comprehensive two dimensional chromatography coupled to high 

resolution mass spectrometry to contain thousands of individual compounds (Bowman et 

al. 2018), the nominal mass spectrum in negative ESI mode of the membrane permeable 

fraction is dominated by roughly 30 m/z (Figure S5). We report the apparent pKa values 

for fourteen isomer classes, where we had good signal to noise ratios and a decreased 

signal intensity at higher pH (Table 3). The experiment was conducted three times at a 

total NA concentration of 0.5, 1.0 and 2.0 ppm, which we have previously observed to be 

within our linear dynamic range (Duncan et al. 2016). The pKa values (ranging from 4.98 

- 5.75) were determined with good precision (average standard deviation of ± 0.04 pH 

units, for n=3) are in the expected range for aliphatic or alicyclic monocarboxylic acids 

(Schwarzenbach et al. 2016). The values themselves cannot be ascribed to individual 

molecules and as such represent a weighted average pKa of the isomeric carboxylic acids 

appearing at a given nominal mass. We do observe some atypical behaviour, generally at 

higher mass to charge ratios (m/z > 249), which we attribute to the co-permeation of 

isobaric diols and other O2 compounds previously observed in the Merichem NA mixture 

(Duncan et al. 2016). As the neutral form of the carboxylic acids are titrated out in the 

sample, the neutral alcohols continue to permeate and their ionization is no longer 

suppressed by the presence of carboxylic acids in the ESI (Letourneau 2016).  

While the nominal mass resolution of the experiments described here limit our 

ability to ascribe exact molecular formula, higher resolution mass analyzers, such as 

Fourier transform ion cyclotron and Orbitraps have been successfully coupled to 

membrane interfaces to provide molecular formula information (Duncan et al. 2016). The 
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ability to simultaneously determine multiple acidity constants in a complex mixture 

containing only trace amounts of individual compounds, is a clear advantage of the 

technique.  

Perfluorinated compounds 

Perfluoroalkyl carboxylic acids are an emerging class of persistent compounds 

with unique properties that make them useful additives in a number of commercial 

products, and has also resulted in their widespread distribution in the environment (Rayne 

and Forest 2009; Kannan 2011). Accurate pKa values combined with knowledge of the 

physical properties of both the neutral and ionized forms is required to inform robust 

predictions of their environmental fate and distribution (Goss 2008). Despite a growing 

interest in their physicochemical properties, there remains some uncertainty, particularly 

for the acidity constant of one of the more common congeners, perfluoro-n-octanoic acid 

(PFOA). Reported pKa values in the literature range from ~ 0 to 3.8 (Kannan 2011). 

Good experimental values are complicated by the extremely low water solubility of the 

neutral form, their high surface activity, and their tendency to form dimers and other 

lamellar aggregates at very low concentrations (Cistola et al. 1988). Furthermore, semi-

empirical calculations are challenged by the relatively limited amount of good 

experimental data to parameterize the effects of fluorine substitution.  

We report pKa values for three compounds that may shed some light on this 

discussion. Table 2 includes pKa values for n-octanoic acid of 4.76 ± 0.05, 2-

perflourohexylethanoic acid (FHEA) as 3.17 ± 0.04 and an estimated upper limit for 

perfluoro-n-octanoic acid of less than one. It should be noted that we observed unusually 

long signal response times and were working in strongly acidic media for PFOA. We 
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speculate that this atypical membrane transport behaviour is related to the high surface 

activity and note that the pKa value for PFOA reported here has a higher degree of 

uncertainty. Interestingly, our experimental values are in good agreement with those 

predicted by Goss using SPARC and COSMO-RS models (Goss 2008). The mean 

calculated pKa values were 3.1±0.5 and 0.4±0.5 for FHEA and PFOA, respectively. In 

contrast, experimental results, which were completed using a potentiometric method in 

methanol/water and rigorously extrapolated to pure water and infinite PFOA dilution 

returned a pKa value of 3.8 ± 0.1 for the PFOA monomers (Burns et al. 2008). Focussing 

on the comparison of n-octanoic acid and FHEA, we observe that the effect of replacing 

the alkyl chain CH3-(CH2)5- with a perfluoroalkyl group CF3-(CF2)5- results in an 

increased acidity (i.e., decrease in the pKa by 1.6 units). This may be explained by the 

inductive electron withdrawing influence of the perfluorohexyl group and its stabilizing 

effect upon the carboxylate conjugate base. Clearly, more experimental data is needed in 

order to generalize this trend and related structural group contributions. Given that the 

CP-MIMS technique is well suited to working at low concentrations and with congener 

mixtures, we think that this approach can contribute further understanding to 

perfluorinated carboxylic acid story. We are currently evaluating an immersion probe 

constructed from polyetheretherketone (PEEK) tubing, which will tolerate the 

considerably more acidic conditions required to measure pKa values < 2.  

Temperature & D2O effects 

One of the advantages of the technique reported here is the ability to directly 

investigate the effect of changes in extrinsic conditions (i.e., temperature, salinity, 

pressure) on the acid/base behaviour of trace organics in aqueous solution. There is, for 
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example, some interest in the experimentally derived thermodynamic properties of weak 

acids at elevated temperatures and in heavy water to support theoretical quantum 

electronic structure methods aimed at predicting acidity constants under hydrothermal 

conditions in deuterium oxide, with applications to the nuclear power industry (Mora-

Diez et al. 2015). We demonstrate the ease of CP-MIMS to interrogate several 

representative weak acids to derive enthalpy and entropy changes as well as the solvent 

deuterium isotope effect.  

The temperature dependence of the pKa was determined for three carboxylic acids 

(gemfibrozil, naproxen and ibuprofen) and one phenol (triclosan) which are presented in 

Table 4. The acidity constants for the carboxylic acids were nearly invariant with 

temperature between 10 and 40 oC (slight increase with temperature), whereas the pKa of 

the weaker acid, triclosan, showed a significant decrease over the same temperature range 

(Table 4). This behaviour is consistent with that reported by others (Schwarzenbach et al. 

2016). The van’t Hoff plots shown in Figure 5 are used to calculate the corresponding 

enthalpy and entropy changes associated with acid dissociation. We observe that the 

aqueous dissociation of the carboxylic acids (pKa ~ 4-5) are slightly exothermic with ΔHo 

ranging from -3 to -4 kJ/mol. In contrast, that for triclosan (pKa ~ 8) appears to be 

endothermic with ΔHo = 23 kJ/mol.  

A similar treatment was performed for the dissociation of gemfibrozil and 

triclosan in heavy water (D2O) using pH calibration techniques in deuterated buffers 

(Perrin and Dempsey 1974). The results are summarized in Table 4 and Figure 5 

indicating that the acid dissociation process for both gemfibrozil and triclosan appears to 

have become more endothermic in D2O relative to H2O. The mean ΔpKa = pKa(D2O) – 
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pKa(H2O) is 0.62 (±0.11) for gemfibrozil and roughly double that for triclosan at 1.34 

(±0.14). The deuterium isotope effect for gemfibrozil is consistent with values reported 

by others. For example, Mora-Diez reports mean values for a variety of weak acids of 

0.53 and 0.65 for experimental and calculated ∆pKa values (Mora-Diez et al. 2015). We 

caution the reader of the greater relative uncertainty in the pKa values for triclosan as 

noted above.  

CONCLUSIONS 

We present CP-MIMS as a novel method for the determination of acidity 

constants for trace organic compounds with acid-base properties in aqueous solution. The 

technique is based on the pH dependent permeation of analytes through a hydrophobic 

membrane interface coupled with direct detection with a mass spectrometer. As such, the 

method is both sensitive and selective for monoprotic acids/bases with a neutral 

membrane permeable form. The approach is characterized by a simple workflow and 

does not require the total or individual concentrations of compounds to be determined as 

it is based on the fractional abundance. After adjusting the sample pH to record the signal 

intensity for the analyte when it is completely in the neutral form (i.e., pH << pKa for an 

acid), the pH is adjusted close to the pKa and the steady state MS signal intensity is again 

recorded. Depending upon the specific analytes and the level of precision required, the 

experiment generally takes between 15 – 60 minutes, and yields pKa values for multiple 

analytes. Our measured dissociation constants compare favourably with the literature 

where available, and we report values for 2-methyl-3-methoxy phenyl butanoic acid, 4-t-

butylcyclohexane carboxylic acid, and several naphthenic acid isomer classes.  
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The method is well suited for analytes with extremely low water solubility, and 

can be applied to low purity analytes or those available as mixtures. Because it is an in-

situ method, it is very easy to observe the effects of otherwise confounding sample 

constituents relevant to both environmental and physiological conditions, such as 

temperature, salinity, particulate matter and biogenic macro-molecules. The ability to 

measure dissociation constants directly in complex samples is a unique advantage of this 

approach. The method presented here can be extended to investigate other solution phase 

partitioning behaviour including sorption, uptake and binding phenomena. The inherent 

sensitivity and selectivity of mass spectrometry, combined with their increasing 

affordability, ease of use and portability (Snyder et al. 2016) make them an excellent 

pairing with membrane interfaces for solution phase studies, such as those explored here 

for pKa determinations.  
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Figures 

Figure 1: Schematic illustrating membrane permeation of the protonated (neutral) form of 
organic carboxylic acid and a corresponding MS signal chronogram illustrating changes 
in the signal intensity as the pH is increased in the sample. 

 

Figure 2: Schematic diagram of the experimental apparatus showing CP-MIMS probe 
immersed in an aqueous sample. The methanol acceptor phase containing an internal 
standard is continuously flowed to the mass spectrometer to monitor signal drift. 
Temperature dependent experiments were carried out with the sample held in a constant 
temperature controlled water bath. 
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Figure 3: CP-MIMS signal chronogram plotting intensity of the background corrected 
SIM mass spectral intensity as function of time as sample pH is adjusted. Vertical lines 
indicate when pH adjustments were made. The red boxes represent the steady state MS 
signal and pH values used to determine pKa. A) Decanoic acid (50 ppb) demonstrating 
signal intensity decreases as it is titrated to form the conjugate base. B) Aniline (~70 
ppb), which is present initially as the anilinium ion in acidic solution, is titrated to the 
neutral aniline form as the pH increases. 

 

Figure 4: Non-linear regression curve fitting of the normalized corrected MS signal at 
multiple pHs near the pKa for a combined suite of five carboxylic acids at 25 ppb 
concentrations. 
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Figure 5: Van’t Hoff Plots (lnKa vs 1/T) for analytes in water (blue circles) and heavy 
water (red squares). A) Gemfibrozil, B) Triclosan, C) Naproxen (top) and Ibuprofen 
(bottom). Error bars are standard deviations for n ≥ 3 replicates. 

 

Table 1: Instrumental parameters for target analytes and standards 

Analyte Ion 
Mode 

Scan 
Mode m/z 

Cone 
Voltage 

(V) 

Collision 
Energy 

(eV) 

Aniline + SIM 94 40 N/A 

4-tert-Butylcyclohexanecarboxylic 
acid - SIM 183 30 N/A 

Decanoic acid - SIM 171 30 N/A 

Gemfibrozil - SIM & 
MS/MS 

249 
(SIM) 

249121 
30 12 

Ibuprofen - SIM & 
MS/MS 

205 
(SIM) 

205161 
20 7 

Lauric acid - SIM 199 35 N/A 
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Naproxen - SIM & 
MS/MS 

229 
(SIM) 

229185 
17 7 

Octanoic acid - SIM 143 25 N/A 

2-Perflourohexylethanoic acid - MS/MS 

377313 

377293 

37763 

13 

7 

10 

8 

Perfluoro-n-octanoic acid - MS/MS 
413369 

413169 
13 

8 

18 

Triclosan - SIM & 
MS/MS 

287 
(SIM) 

28735 

30 9 

2-Methyl-3-methoxy-4-phenyl 
butanoic acid - MS/MS 207131 22 11 

Aniline-d5 + SIM 99 40 N/A 

Guaiacol - SIM 123 17 N/A 

Lauric Acid-d2 - SIM 201 30 N/A 
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Table 2: Experimental pKa values for target analytes in water at room temperature (23 ± 
2 oC) 

Analyte Experiment
al pKa 

Std 
De
v 

n m Literatur
e pKa 

ΔpK
a 

Reference 

Aniline 4.28 0.0
3 1 5 4.6 -0.32 

(Golumbic 
and 

Goldbach 
1951) 

4-t-
Butylcyclohexanecarbox

ylic acid 
5.13 0.0

5 3 9 NA - - 

Decanoic acid 4.80 0.14 
1
0 

3
0 4.9 -0.1 (Whittle et 

al. 1996) 

Gemfibrozil 4.93 0.12 7 2
1 4.7 0.23 

(Remingto
n and 
Allen 
2013) 

Ibuprofen 4.42 0.13 7 2
2 4.45-4.53 -0.07 

(Oumada 
et al. 
2002; 

Cabot et 
al. 2015) 

Lauric acid 5.68 0.12 3 1
0 5.3 0.38 

(Nyren 
and Back 

1958) 

Naproxen 4.18 0.0
3 4 1

3 4.09-4.40 -0.07 

(Oumada 
et al. 
2002; 

Demiralay 
et al. 
2009) 
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 Octanoic acid 4.76 0.0

5 1 3 4.89 -0.13 (Dippy 
1938) 

2-Perfluorohexylethanoic 
acid 3.17 0.0

4 1 9 2.6-3.5 - (Goss 
2008) 

Perfluoro-n-octanoic acid ≤0.42 - 1 2 ~0-3.8 - See text 

Triclosan 8.34 0.22 6 2
0 7.9 0.44 

(Savage 
1971) 

2-Methyl-3-methoxy-4-
phenyl butanoic acid 4.28 0.0

3 1 3 NA - - 

n = number of experimental replicates; m = number of calculation replicates. 

Where n=1, the standard deviation reported represents the variance in the calculated pKa resulting from 
multiple pH adjustments with a single experimental run. 

Where n≥3, the standard deviation reported represents the variance in mean pKa values of replicate 
experimental runs. 

Where multiple literature values are provided, the ΔpKa is calculated from the mean literature values. 

Table 3: Experimental pKa values for abundant nominal mass isomer classes of 
Merichem in water at room temperature (23 ± 2 oC) 

m/z 
Molecular 
Formula 

Isomer Class 

Apparent 
pKa 

Std  

Dev n m 

157 C9H18O2 5.15 0.07 3 6 

185 C11H22O2 5.12 0.07 3 6 

195 C12H20O2 4.98 0.03 3 6 

197 C12H22O2 5.12 0.02 3 6 
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 199 C12H24O2 5.43 0.02 3 6 

209 C13H22O2 5.17 0.03 3 6 

211 C13H24O2 5.35 0.04 3 6 

213 C13H26O2 5.75 0.07 3 8 

221 C14H22O2 5.19 0.03 3 6 

223 C14H24O2 5.38 0.04 3 6 

225 C14H26O2 5.66 0.03 3 7 

235 C15H24O2 5.43 0.02 3 8 

237 C15H26O2 5.64 0.03 3 7 

249 C16H26O2 5.69 0.04 3 7 

Averaged values from three concentrations ranging from 0.5 ppm to 2 ppm total Merichem. 
n = number of experimental replicates; m = number of calculation replicates. 
Table 4: Temperature and Solvent Isotope Effects on pKa for selected compounds. 

 
Gemfibrozil Triclosan Ibuprofen Naproxen 

H2O D2O H2O D2O H2O H2O 

pKa @ 
10°C 

4.86 
(±0.11) 

5.56 
(±0.02) 8.69 (±0.18) 10.18(±0.11) 

4.29 
(±0.03) 

4.17 
(±0.03) 

pKa @ 
25°C 

4.86 
(±0.02) 

5.52 
(±0.09) 8.48 (±0.09) 9.71 

(±0.09) 
4.31 

(±0.04) 
4.18 

(±0.01) 
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 pKa @ 

40°C 
4.93 

(±0.09) 
5.43 

(±0.21) 
8.28 (±0.05) 9.58 (±0.28) 

4.35 
(±0.08) 

4.22 
(±0.11) 

ΔHo 
(kJ/mol) -4 (±2) 7 (±2) 23.09(±0.08) 34 (±10) -3.4 (±0.8) -3 (±1) 

ΔSo  

(J/mol K) 

-107 
(±8) -82 (±7) -84.9 (±0.3) -70 (±30) -94 (±3) -90 (±4) 

Errors in brackets represent the standard deviation of replicate experimental values. 
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