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Significance statement 12 
Nitrite (NO2–) plays a key role in nitrogen biogeochemistry and ecosystem health 13 

across aquatic environments, from lakes and rivers to the open ocean to sediments. While 14 

biological transformations of nitrite have been studied meticulously, spontaneous abiotic 15 

reactions such as the acid-base equilibrium between nitrite and its conjugate nitrous acid 16 

(HNO2) have rarely been evaluated across environmentally relevant conditions. These 17 

are critical to assessing nitrogen cycling in all systems. In this manuscript, we report the 18 

pKa of nitrous acid in both freshwater and seawater at temperatures ranging from 5 °C to 19 

35 °C using potentiometry-based titration. Our measured pKa values fit well within the 20 

range of previously reported pKa values, although notably, past measurements have been 21 

mostly restricted to 25 ºC in freshwater. To our knowledge, we provide the first attempt to 22 

strategically measure the pKa of nitrous acid in freshwater across environmentally 23 

relevant temperatures, and the very first measurements in seawater at any temperature.  24 

Due to the importance of nitrogen for primary productivity and anoxic nutrient 25 

cycling, and the pervasive influence of nitrite on organisms and ecosystem function, our 26 

results have broad implications across aquatic systems that are of interest to the L&O 27 

community. In addition, similar data that were published in L&O have proven to be 28 

consequential for our understanding of aquatic systems such as the dissociation of 29 

carbonic acid (Mehrbach et al., 1973, L&O 18, 897-907), phosphoric acid (Kester & 30 

Pytkowicx, 1967, L&O 12, 243–252), and hydrogen sulfide (Millero et al., 1988, L&O 33, 31 

269–274), and we would thus be excited to publish our data in L&O.   32 
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Abstract 45 

Nitrite is a ubiquitous compound found across aquatic systems and an 46 

intermediate in both the oxidative and reductive metabolisms transforming fixed nitrogen 47 

in the environment. Yet, the abiotic cycling of nitrite is often overlooked in favor of 48 

biologically mediated reactions. Here we quantify the apparent acid dissociation constant 49 

(pKa) between nitrous acid and nitrite in both freshwater and seawater systems across a 50 

range of environmentally-relevant temperatures (5–35 ºC) using potentiometric-based 51 

titration. We find substantial effects of both salinity and temperature on the pKa, with 52 

colder and fresher water manifesting higher values and thus a greater proportion of 53 

protonated nitrite at any given pH. Because nitrous acid is unstable and decomposes to 54 

nitric oxide, a toxic free radical gas but also a potential antioxidant and biological signaling 55 

compound, the implications for the nitrous acid pKa on ecosystem function are broad.  56 
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Introduction 57 

Nitrogen biogeochemistry in the natural environment is commonly considered a 58 

critical variable controlling ecosystem productivity (Gruber and Galloway, 2008). Nitrite 59 

(NO2–) is a central compound in this important nitrogen cycle and an intermediate in both 60 

the oxidative nitrification and reductive denitrification and dissimilatory reduction to 61 

ammonium processes (Babbin et al., 2020, 2021). It further is an intermediate in 62 

assimilatory nitrate reduction by phytoplankton and other microbes. Nitrite has been well 63 

described across the ocean, accumulating at predictable depth horizons below the 64 

euphotic zone (the primary nitrite maximum, PNM) (Lomas and Lipschultz, 2006; Zakem 65 

et al., 2018; Ciccarese et al., 2023), at anoxic marine depths in the oxygen deficient zones 66 

(the secondary nitrite maximum, SNM) (Ulloa et al., 2012; Babbin et al., 2014, 2017, 67 

2020), and sometimes in marine sediments at the interface between oxic and anoxic 68 

layers (Zhao et al., 2023). Furthermore, global lakes ranging from large temperate basins 69 

to confined polar meromictic lakes can exhibit nitrite accumulation globally both in the 70 

water column and in underlying sediments, often elevated under eutrophic and low 71 

oxygen conditions (Vincent et al., 1981; Lee et al., 2004; Powers et al., 2017). 72 

While the biological transformations of nitrite have been measured across many 73 

marine and lacustrine systems, the acid-base equilibrium (Eq. 1) between nitrite and its 74 

conjugate nitrous acid (HNO2) has rarely been evaluated. Indeed, as a weak acid, nitrite 75 

can exist in both a protonated and de-protonated form dictated by the specific pH of the 76 

system. In this capacity, nitrite acts like the weak base ammonia rather than the very 77 

strong nitric acid which completely dissociates to nitrate and a proton under all 78 

environmentally relevant conditions. Yet, unlike ammonia (Khoo et al., 1977; Clegg and 79 
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Whitfield, 1995), the equilibrium constant for nitrite has not been assessed across 80 

environmentally relevant temperatures or in seawater. Determining this constant, Ka, or 81 

its more common negative-logarithm transform, pKa, dictates the speciation between 82 

nitrous acid and nitrite as a function of pH, where {i} indicates the activity of compound i, 83 

often simplified as a concentration (Eq. 2).  84 

HNO!
"!↔H# + NO!$ Eq. 1 

𝑝𝐾% = pH − log&' .
{NO!$}
{HNO!}

1 Eq. 2 

 85 

The speciation of nitrite in particular matters because protonated nitrous acid is 86 

unstable and decomposes spontaneously to the free radicals nitric oxide (•NO) and 87 

nitrogen dioxide (•NO2) (Eq. 3). Both compounds are NOx gases contributing to the 88 

formation of smog and acid rain (Stephens et al., 1956), and the formation and destruction 89 

of ozone (Crutzen, 1979). The decomposition of nitrous acid thus produces these 90 

compounds, which can be toxic and/or antioxidants and signaling compounds depending 91 

on the conditions and organisms considered (Vardi et al., 2006; Wilbert and Newman, 92 

2022; Abada et al., 2023). Regardless of the pathway, the generation of these gases 93 

could result in abiotic denitrification and the ultimate loss of nitrite from an aqueous 94 

system. Indeed, the pH-dependence of nitrite toxicity for bacterial denitrifiers has been 95 

recently shown (Lilja and Johnson, 2016; Borer et al., 2020; Ciccarese et al., 2022). 96 

Nitrogen dioxide can further disproportionate back into nitric and nitrous acids, which 97 

recovers a proton and lowers the system’s pH (Eq. 4). Given the differences in stability of 98 
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nitrous acid and nitrite, this speciation is critical in assessing nitrite’s role in aquatic 99 

systems. 100 

2HNO!
""↔NO + NO! + H!O Eq. 3 

2NO! + H!O
"#↔H# + NO($ + HNO! 

Eq. 4 

 101 

Previous measurements of nitrous acid’s pKa have predominantly been reported 102 

for freshwater at 25 ºC, which comprises a small fraction of all natural waters. The 103 

previously determined values typically range between 2.8 and 3.4, with differences 104 

dictated primarily by the accuracy and precision of the utilized systems. Furthermore, the 105 

reaction kinetics of nitrous acid decomposition (K1) and nitrogen dioxide 106 

disproportionation (K2) have been determined as second-order with respect to the 107 

reactants. The kinetic constants of these two reactions have been described at several 108 

temperatures in freshwater, permitting extrapolation to other temperatures via the 109 

Arrhenius equation. Here we set out to determine the pKa of nitrous acid through a series 110 

of titrations across temperatures between 5 and 35 ºC at both freshwater and seawater 111 

salinities to generate the essential data for fully assessing nitrite’s transformations in most 112 

aquatic environments and developing the mechanisms underlying its toxic role. 113 

 114 

Methods 115 

Preparation of stock solutions 116 

All glassware was washed three times with ultra-pure reverse osmosis water 117 

(milliQ) and dried overnight at 70 °C in a convection oven before use. Hydrochloric acid 118 
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at a concentration of 1 M (molar, mol L-1) was used as the titrant. The titrant was prepared 119 

by dilution of 37% concentrated HCl (ACS Grade, VWR Chemicals BDH). Nitrite stock 120 

solutions in pure water (0.1 M, 1000 mL) were made using sodium nitrite (Sigma-Aldrich, 121 

CAS# 7632-00-0). For the seawater titrations, synthetic seawater devoid of carbonate 122 

and boric acid was used to restrict any interference of the natural seawater buffering 123 

capacity. The composition of the synthetic seawater (Millero, 2013) is shown in Table 1. 124 

The sodium chloride was adjusted to account for the sodium added from the NaNO2 to 125 

maintain the same ionic strength as natural seawater. The synthetic seawater was mixed 126 

at least 48 hours prior to the first titration. Finally, 6.900 g of sodium nitrite was added to 127 

a 1 L volumetric cylinder and filled with synthetic seawater.  128 

Titration method 129 

Titrations were performed in a 250 mL jacketed reaction beaker (Ace Glass 130 

Incorporated, Vineland, NJ). The beaker was connected to a thermostatic water bath (AD 131 

7LL R-20 Refrigerated Circulating Bath, VWR) to control the temperature during the 132 

titration to within ±0.07 °C. The temperature was monitored and recorded during the 133 

titration using a RTD PT100 thermometer calibrated to ±0.01 °C (Omega Engineering PR-134 

11-2-100-1) inserted into the titrate. The titrate was continuously stirred using a magnetic 135 

stir bar at 300 rpm on a magnetic stir plate (PC-410D, Corning). A Metrohm Electrode 136 

Plus (6.0262.100, Metrohm) was used to measure the resulting electromotive force (EMF) 137 

during the titration. The electrode was connected to a custom high-impedance voltage-138 

follower amplifier to buffer the EMF of the glass electrode assembly such that it can be 139 

read accurately using a digital voltmeter (custom-built by Andrew Dickson, UCSD). We 140 

recorded the EMF measured by the electrode-amplifier system and the temperature in 141 
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the titrate using a digital voltmeter readable to 0.01 mV (34970A Data Acquisition/Data 142 

Logger Switch Unit, Keysight Technologies). The electrode, temperature sensor, and 143 

injection needle were inserted into the titrate through a custom, 3D-printed lid to restrict 144 

evaporation and thermal exchange during the titration. Both the EMF and temperature 145 

within the titrate were recorded at 4-second intervals. For each titration, the nitrite stock 146 

solution (the titrate) was prewarmed to the desired temperature in the volumetric flask. 147 

Approximately 100 g of the nitrite titrate solution was transferred to a glass beaker, 148 

the exact amount determined by weight. After the titrate reached a stable temperature (as 149 

monitored by the temperature sensor) the titrant (1 M HCl solution) was injected into the 150 

reaction vessel using a programmable syringe pump (PHD 22/2000 Advance Syringe 151 

Pump, Harvard Apparatus). The syringe pump injected 100 µL of titrant into the reaction 152 

vessel every 28 s, allowing for equilibration and a total of 7 measurements in between 153 

injections. The injection interval was chosen as a multiple of the recording interval and 154 

based on preliminary experimental results that verified a stable EMF within that time 155 

frame. A total of 15.1 mL of titrant was injected into the reaction vessel over 70 minutes 156 

during which both the EMF and temperature were recorded (Fig. 1a provides a 157 

representative EMF curve measured during the titration). Experiments were conducted at 158 

target temperatures of 5–35 °C in 5 °C intervals (a total of 7 temperatures) with four 159 

replicates at each temperature. Experiments were performed for both freshwater (no salt 160 

beyond 0.1 M NaNO2) and seawater.  161 

Electrode calibration 162 

The EMF of reference materials was measured for each temperature and salinity 163 

before the first replicate and after the last replicate to account for any electrode drift (none 164 
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existed). For freshwater titrations, the EMF of certified reference buffers at pH 2, 4, 7, and 165 

10 (BDH5010, BDH5018, BDH5046, and BDH5072, respectively, VWR Chemicals BDH) 166 

were measured at the specific temperature used for the titration. The measured EMF is 167 

then related to the pHNBS certified by the manufacturer at the respective temperature using 168 

a linear regression. However, due to unreliable EMF measurements for the 10 °C 169 

calibration and unavailable certified pHNBS values at 5 °C for the pH 2 buffer, regressions 170 

for the calibration intercept (Fig. 2a) and slope (Fig. 2b) as functions of temperature were 171 

performed. The resulting linear regressions are shown in Eq. 5 to Eq. 7, with temperature 172 

t in ºC. 173 

EMF)*%+,-*.,0 = 𝑞(0) +𝑚(0) × pH345,6*-0787*.,0 Eq. 5 

𝑞(0) = 371.08 + 1.57 × 𝑡(°:)	; 	𝑅! = 0.997 Eq. 6 

𝑚(0) = −52.41 − 0.24 × 𝑡(°:)	; 	𝑅! = 0.998 Eq. 7 

 174 

For seawater titrations, Tris Buffer Solution in Synthetic Seawater (TRIS) (DelValls 175 

and Dickson, 1998; Paulsen and Dickson, 2020) obtained from Andrew Dickson (UCSD; 176 

Batch T42-0035) pre-equilibrated to the titration temperature were used for a one-point 177 

calibration (the measured EMF corrected to pH 0 as a function of temperature is shown 178 

in Fig. 2a). The electrode exhibited Nernstian behavior within accepted uncertainty (Fig. 179 

2b). For all freshwater titrations, intercepts and slopes from the regression (Eq. 5) were 180 

used whereas only the slope of the regression was used for the seawater titrations in 181 

combination with the measured intercept EMF. All calibration data for the different 182 

experimental conditions are shown in Table 2. 183 
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It is important to note that the electrode is calibrated to different pH scales for the 184 

freshwater and seawater experiments. For freshwater, the electrode is calibrated on the 185 

National Bureau of Standards (NBS) activity scale (pHNBS = –log10{H+}). This scale is only 186 

defined for dilute solutions and is not applicable in high ionic strength media such as 187 

seawater. For reasons explained in great detail elsewhere (Dickson et al., 2015), 188 

seawater measurements are calibrated on the total scale (pHT = [H+]free + [HSO4–]). The 189 

conversion between the scales is ill-defined and because freshwater and seawater 190 

communities tend to use their respective scales, and thus we report the pKa determined 191 

here on their respective scales.  192 

Determination of the pKa 193 

For each titration, the recorded data point prior to the first injection of the titrant 194 

was identified manually. Subsequently, the measurement prior to the next injection was 195 

extracted as every 7th data point (Fig. 1b) and used for downstream analysis. The 196 

difference in EMF between subsequent injections was used as a numerical derivative to 197 

find a first approximation of the inflection points to identify the endpoint (where the amount 198 

of titrant added exactly neutralizes the titrate) and location of the half equivalence point 199 

(where exactly half of the nitrite is converted to nitrous acid and thus the pKa equals the 200 

measured pH, see Fig. 1a). We subsequently used 10 to 30 data points around the 201 

numerically identified half equivalence point to fit a quadratic curve and find the exact half 202 

equivalence point via the derivative. Replicates that showed an unstable EMF profile 203 

during any part of the titration, indicative of ambient electrostatic interference, were 204 

discarded from the analysis. The final number of replicates used in both the freshwater 205 

and seawater analysis is shown in Table 3. 206 
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 207 

Results and discussion 208 

Extracted EMF at the titration half equivalence point 209 

For each titration condition (temperatures ranging from 5 °C to 35 °C in both 210 

freshwater and seawater) we extracted the measured EMF at the half equivalence point 211 

of the titration (where the pH equals the pKa of nitrous acid) as described in the Methods 212 

section. The resulting EMF as a function of temperature is shown in Fig. 3a and the 213 

underlying data including the number of replicates are presented in Table 3. The 214 

measured temperature in the titrate is very close to the desired value (Fig. 4), with a slight 215 

elevation at 5 °C for both the freshwater and seawater conditions. This is because the 216 

injected titrant is at room temperature (~20 °C) and injection further increases the 217 

temperature of the titrate due to exothermic dilution (Table 3, Fig. 4a). At 20 °C, 218 

exothermic dilution elevates the temperature slightly (Fig. 4b), whereas the exothermic 219 

dilution effect counteracts the potential cooling of the room-temperature titrant at 35 °C 220 

(Fig. 4c). The extracted EMF values at the half equivalence points show excellent 221 

reproducibility across the individual replicates for both the freshwater and seawater 222 

experiments. When comparing freshwater and seawater EMF, there is a comparable 223 

trend as a function of temperature, offset by 13.23 ± 0.5 mV (mean ± std). There is no 224 

apparent pattern in the standard deviation between the extracted EMF at the half 225 

equivalence point, and this variation is within one order of magnitude of the reported 226 

accuracy of the electrode for many conditions (±0.01 mV).  227 
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Nitrous acid dissociation constants 228 

We convert the EMF at the half equivalence point for each experimental condition 229 

to the pKa using the calibration procedure outlined in the Methods. The resulting pKa for 230 

both the freshwater and seawater experiments are shown in Fig. 3b, with the change 231 

between pKa at 5 ºC and 35 ºC being 0.1 and 0.5 pH units lower for freshwater and 232 

seawater, respectively. Due to the calibration procedures, the pKa of the freshwater 233 

experiments is on the NBS scale whereas the pKa of the seawater experiments is on the 234 

total scale. Our experimental results fall within the range of the previously determined pKa 235 

of nitrous acid reported in the literature as shown in Fig. 3. The dissociation constants of 236 

nitrous acid from the literature are presented in Table 4, which are all determined for low 237 

ionic strength solutions and thus only comparable to our freshwater conditions. With few 238 

exceptions, dissociation constants for nitrous acid were uniquely determined at 25 °C. 239 

Overall, our results align with previously determined values (Table 4) but show a slightly 240 

lower pKa when compared to the previously determined values at 25 °C (pKa,Avg of 3.28 241 

± 0.64 compared to a pKa,NBS of 3.14 ± 0.001 in our measurements). Since previously 242 

measured pKa values are predominantly determined at 25 °C, we cannot compare our 243 

established relationship between the pKa and temperature with the literature.  244 

Calculation of thermodynamic parameters of ionization 245 

We further calculate thermodynamic parameters of ionization (the change in 246 

enthalpy, heat capacity, and entropy) from the relationship between the measured pKa 247 

and temperature (Bates and Calais, 1981; Millero et al., 1988). By combining the 248 

equations for the Gibbs free energy at equilibrium (Eq. 8) and the calculation of the same 249 

Gibbs energy of ionization from the enthalpy and entropy of ionization (Eq. 9) (Ives and 250 
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Moseley, 1976), we obtain an expression for the pKa as a function of temperature (Eq. 251 

10). By fitting this equation to our data, we can extract thermodynamic parameters from 252 

each of the fitted parameters (Eq. 11). In all these equations, the temperature T is in 253 

Kelvin. 254 

∆G; = ln(10)	R	T × pK< Eq. 8 

∆G; = ∆H'; + ∆C=T − T∆S'; − ∆C=Tln	(T) Eq. 9 

pK< =
1

ln(10) R P
∆H';

T − ∆C=	ln(T) + (∆C= − ∆S';)Q Eq. 10 

pK% =
𝐴
T + B	ln

(T) + 𝐶 Eq. 11 

 255 

We use two different methods to fit Eq. 11 to our data: a least-squares approach using 256 

the Matlab built-in ‘trust-region-reflective’ algorithm and the Sigma plot method (Ives and 257 

Moseley, 1976). Our data show a good fit to the equation for the freshwater and seawater 258 

pKa both when using the least squares approach (R2 of 0.985 and 0.986, respectively) 259 

and the Sigma plot method (R2 of 0.945 and 0.971, respectively). The curves fitted to the 260 

freshwater and seawater pKa have different coefficients A, B, and C as expected since 261 

the thermodynamic parameters are functions of the salinity (Millero, 1995). The fitted 262 

coefficients and derived thermodynamic parameters concerning the change of enthalpy, 263 

heat capacity, and entropy from ionization are shown in Table 5. There are only slight 264 

differences between the extracted parameters when comparing the least-squares 265 

approach with the Sigma plot method. Since the least-squares approach shows a slightly 266 

better fit for both the freshwater and seawater conditions, we propose the following 267 
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equations to calculate the pKa for nitrous acid in freshwater (Eq. 12) and seawater (Eq. 268 

13) as a function of the temperature in K:  269 

pK%,345 =
11328
T + 37.613	ln(T) − 249.16 Eq. 12 

pK%,> =
15168
T + 48.245	ln(T) − 322.94 Eq. 13 

 270 

Relevance for biological systems 271 

The pKa we determine for nitrous acid is, as expected, much lower than the pH of 272 

most aquatic systems. Yet, two factors still demand quantifying the pKa across 273 

environmental conditions: (1) regardless of the pKa, at any pH, a decrease of the pKa by 274 

1 unit raises the ratio of nitrite to nitrous acid by a factor of 10 (and an increase similarly 275 

decreases the ratio), and (2) the intracellular pH in environmental organisms can be 276 

substantially different than ambient conditions. For these reasons, nitrite’s precise pKa 277 

across temperatures in both freshwater and seawater salinities has a direct impact on 278 

revealing how nitrite speciates within organisms and in the environment at large. 279 

The range of pKa at 25 ºC from previous assessments exceeds 2 pH units (Table 280 

4), which directly translates to a difference in the ratio of protonated to deprotonated nitrite 281 

by a factor of 100. Increasing the nitrous acid by a factor of 100 in turn commensurately 282 

increases its decomposition rate to NO and NO2 by a factor of 104 given the second-order 283 

rate kinetics observed for this abiotic decomposition. This change in production rate will 284 

modify the intracellular concentration of NOx and thus its toxicity. Additionally, organisms 285 

operate at in-situ temperatures and salinities rather than idealized 25 ºC water with ionic 286 
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strength. The evaluation we provide here shows without the use of the appropriate pKa, 287 

the actual speciation between nitrite and nitrous acid can be off by up to a factor of 4. 288 

Furthermore, as the intracellular pH can differ from the ambient by multiple pH 289 

units (Siegumfeldt et al., 1999; Olsen et al., 2002), strictly speaking, the intracellular pH 290 

is the potentially more important parameter for defining the speciation nitric oxide toxicity 291 

for an individual cell. The temperature and salinity dependences of the pKa reported here 292 

can be used for this evaluation. The pKa also highlights the importance of preserving 293 

samples at alkaline pH to maintain nitrite as its conversion to gaseous products can lead 294 

to its ultimate loss in a bottle (or its abiotic oxidation to nitrate). Lastly, because protonated 295 

nitrous acid can likely diffuse across a cell membrane, the pKa and resulting speciation 296 

may be important for quantifying the complete set of mechanisms by which fixed nitrogen 297 

is transported into and out of cells. 298 

For example, even a seemingly small reduction in pH from 7.5 to 6.8 has been 299 

shown to radically change the microbially-mediated anaerobic cycling of nitrogen, leading 300 

to an accumulation of nitrite and elevated production of the greenhouse gas nitrous oxide 301 

(Baumann et al., 1997). Similarly, a reduction in pH from 7.5 to 6.5 can transform the 302 

interaction of microbial communities that cross-feed nitrite (Goldschmidt et al., 2018; 303 

Borer et al., 2020). Within these experiments, the driving mechanism of toxicity (directly 304 

the nitrous acid via proton decoupling versus the cytotoxicity of nitric oxide) remained 305 

elusive. Here we suggest that the mechanisms for nitrite toxicity likely derive from the 306 

abiotic protonation of nitrite at lower pH and the subsequent spontaneous decomposition 307 

of nitrous acid to nitric oxide that is the direct agent of toxicity (Zumft, 1993) or stress 308 

(Vardi et al., 2006; Schieler et al., 2019). 309 
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To our knowledge, this is the first attempt to strategically measure the pKa of 310 

nitrous acid across environmentally relevant temperatures for freshwater, and the first 311 

measurements in seawater at any temperature. This is an important step to constrain the 312 

nitrite budget within aquatic systems, particularly as it is highly relevant for organism 313 

function. Further experiments are required to quantify the spontaneous decomposition of 314 

nitrous acid across environmental conditions to predict the potential accumulation of nitric 315 

oxide within cells and in the environment and to constrain the full nitrogen budget. 316 
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Tables 488 

Table 1: Composition of the synthetic seawater. This formulation does not contain any 489 

carbonates or boric acid to restrict interference of their buffering capacity with our 490 

measurements. Recipe adapted from Frank J. Millero: “Chemical Oceanography” 491 

(Millero, 2013). 492 

Component Supplier CAS# Mass 

NaCl Sigma–Aldrich 7647-14-5 248.33 g 

Na2SO4 Sigma–Aldrich 7757-82-6 41.49 g 

KCl Sigma–Aldrich 7447-40-7 7.22 g 

KBr Acros Organics 7758-02-3 1.04 g 

NaF VWR Chemicals BDH 7681-49-4 30 mg 

MgCl2 × 6 H2O Sigma–Aldrich 7791-18-6 111.09 g 

CaCl2 × 2 H2O Sigma–Aldrich 10035-04-8 11.87 g 

SrCl2 × 6 H2O Acros Organics 10025-70-4 250 mg 

 493 

  494 
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Table 2: Regression intercepts and slopes for all calibrations and temperatures following 495 

the linear equation EMF(t) = q(t) + m(t) ´ pH(t) (Eq. 5). The individually measured intercepts 496 

are reported for both freshwater and artificial seawater with the subscript I. In addition, 497 

the intercepts calculated from a regression across temperatures (Eq. 6) are reported with 498 

subscript R. Calibration slopes (m) are reported for the individual measurements (I) and 499 

regressions (R) when using Eq. 7. For comparison, the slope of an optimal electrode 500 

(mNernst) is also reported. At 10 °C, values for the individual intercept and slope are missing 501 

due to the unreliable behavior of the electrode during calibration. All intercepts are in units 502 

of mV, all slopes are in units of mV pH-1. FW indicates freshwater and ASW denotes 503 

artificial seawater. 504 

T (°C) 5 10 15 20 25 30 35 

qFW,I  379.31 --- 394.12 403.06 408.98 418.25 426.49 

qFW,R 378.92 386.75 394.58 402.42 410.26 418.09 425.93 

qASW,I 384.64 388.31 395.31 400.35 403.68 410.53 415.32 

qASW,R 384.21 389.39 394.56 399.73 404.91 410.08 415.25 

mFW,I -53.53 --- -55.91 -57.27 -58.21 -59.52 -60.55 

mFW,R -53.58 -54.76 -55.93 -57.11 -58.28 -59.46 -60.63 

mNernst  -55.19 -56.18 -57.18 -58.17 -59.16 -60.15 -61.14 

 505 

  506 
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Table 3: Extracted EMF at the half equivalence point and converted to a pKa on the NBS 507 

scale for freshwater experiments and on the total scale (T) for seawater experiments.  508 

Temperature 5°C 10°C 15°C 20°C 25°C 30°C 35°C 

Fr
es

hw
at

er
 

N 4 3 4 2 3 3 2 

Tmeas 5.30±0.12 10.14±0.01 15.03±0.02 20.05±0.01 25.09±0.03 30.06±0.03 34.99±0.04 

EMF 204.41±0.18 211.76±0.12 217.15±0.06 222.35±0.12 227.5±0.08 231.62±0.19 235.47±0.48 

pKa,NBS 3.257±0.003 3.196±0.002 3.172±0.001 3.153±0.002 3.136±0.001 3.136±0.003 3.141±0.008 

Se
aw

at
er

 

N  4 4 4 4 4 4 2 

Tmeas 5.22±0.02 10.09±0.02 14.89±0.12 20.04±0.03 25.16±0.07 30.12±0.03 35.00±0.03 

EMF 217.49±0.08 224.2±0.20 230.44±0.27 236.11±0.21 241.19±0.51 245.24±0.39 248.23±0.35 

pKa,T 3.119±0.001 2.997±0.004 2.948±0.005 2.876±0.004 2.788±0.009 2.780±0.007 2.756±0.006 

 509 

  510 
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Table 4: Previously determined nitrous acid dissociation constants. NR, not reported. 511 

pKa T (ºC) Method Reference 

3.14 ± 0.001 25 Potentiometry Our data 

3.16 ± 0.51 25 --- Mean previously reported 25 ºC values 

3.16 25 Spectroscopy (da Silva et al., 2006) 

3.24 ± 0.03 22.0 
Calculated from decomposition 

kinetics 
(Park and Lee, 1988) 

3.34 25 Conductivity (Schümann, 1900) 

3.29 25 Conductivity (Schmid et al., 1937) 

3.28 25 Spectroscopy (Vassian and Eberhardt, 1958) 

3.15 25 Potentiometry (Lumme and Tummavuori, 1965) 

2.8 ± 0.1 NR Spectroscopy (Riordan et al., 2005) 

3.34 ± 0.02 12.5 Conductivity (Klemenc and Hayek, 1929) 

3.22 ± 0.02 30 Conductivity (Klemenc and Hayek, 1929) 

2.3 ± 0.2 25 Spectroscopy + Potentiometry (das Graças Gomes et al., 1993) 

4.5 25 NR (Snoeyink and Jenkins, 1991) 

 512 

  513 
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Table 5: Fitted parameters relating measured pKa to the temperature and derived 514 

thermodynamic parameters. We converted temperatures to Kelvin prior to fitting Eq. 11 515 

of the form 𝑝𝐾! =
"
#
+ 𝐵	𝑙𝑛(𝑇) + 𝐶 to the pKa values. Fitted coefficients are converted to 516 

thermodynamic parameters using the coefficients in Eq. 10 and listed as “least squares”. 517 

FW and ASW stand for freshwater and artificial seawater, respectively. 518 

Fitted Value A B C 

FW Fit 11328 37.613 -249.16 

ASW Fit 15168 48.245 -322.94 

Derived parameter ∆𝑯𝟎
𝒐(kcal mol-1) ∆𝑪𝑷 (kcal K-1 mol-1) ∆𝑺𝟎𝒐 (kcal K-1 mol-1) 

FW Least-Squares 51.83 -0.17 1.14 

FW Sigma plot 52.53 -0.18 0.99 

ASW Least-Squares 69.41 -0.22 1.48 

ASW Sigma plot 75.32 -0.24 1.38 

 519 
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Figures 521 

 522 

Fig. 1: Example measured EMF (red) and the difference between subsequent EMF 523 

measurements (blue) as a function of the added titrant (HCl). a) The two inflection 524 

points of the titration curve (where the change in measured EMF is minimal and maximal, 525 

respectively) correspond to the half equivalence point (where the pH equals the pKa) and 526 

equivalence point of the titration (where the total added titrant equals the amount of 527 

titrate). We extract the titration half equivalence point using a combination of numerical 528 

and analytical approaches (see Methods section) to improve the precision. b) Detailed 529 

view of the data for the section outlined by the dashed rectangle in panel a. After injection 530 

of titrant, the EMF rapidly stabilized to within the calibrated accuracy of the electrode 531 

(±0.01 mV). For the final analysis, only the last measurement prior to the injection of the 532 

new titrant was used for the extraction of the EMF at the half equivalence point (filled red 533 

data point in the inset). 534 

 535 
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 537 

 538 

Fig. 2: Visualization of the calibration for both freshwater and saltwater. a) 539 

Calculated intercept of the freshwater calibration which represents the EMF at pH 0. 540 

Measured EMF of the one-point calibration corrected to pH 0 (using the freshwater slope 541 

shown in panel b) for the saltwater calibration. b) Predicted calibration slopes for all 542 

temperatures and the temperature dependence of the calibration slopes. The dashed line 543 

shows the temperature dependence of a Nernstian electrode including a deviation of ±5% 544 

indicated by the shaded area (the accepted envelope of an electrode). 545 
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 547 

Fig. 3: Extracted EMF at the half equivalence point and converted to pKa. a) 548 

Extracted EMF at the half equivalence point for both the freshwater and seawater 549 

experiments across temperatures. b) Measured EMF at the half equivalence point 550 

converted to pH on the NBS scale for freshwater titrations and on the total scale for 551 

seawater titrations. Black diamonds indicate literature values presented in Table 4. 552 
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 554 

Fig. 4: Recorded temperature inside the titration beaker. a) At 5 °C, the room-555 

temperature titrant combined with the heat released due to exothermic dilution elevates 556 

the temperature slightly above the targeted 5 °C. b) At 20 °C, the room-temperature titrant 557 

does not significantly influence the temperature at each injection but the exothermic 558 

dilution effect elevates the temperature ~0.05 °C above the targeted value of 20 °C. c) At 559 

35 °C, the heat of dilution cancels out the potential cooling effect of the room temperature 560 

titrant. The residual spread of the measured data is close to the accuracy of the 561 

temperature probe (±0.001 °C) 562 
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