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14
15 Abstract. Potentiometric acid-base titration curves collected on humic (nano)particles as a 

16 function of pH and salt concentration reflect the electrostatics of the particles and the amount 

17 of chemical charges (Q) they carry. In turn, interpretation of titration data helps quantifying 

18 their reactivity towards metals provided that both intrinsic chemical and non-specific 

19 electrostatic contributions to proton binding are correctly unraveled. Establishing a titration 

20 curve requires several steps, i.e. blank subtraction, relative curve positioning with respect to 

21 electrolyte concentration, and absolute curve positioning achieved by estimation of particle 

22 charge Q0 at low pH. Failure in establishing properly each step may lead to misevaluation of 

23 nanoparticle charging behavior. Here, we report (i) a simple procedure to measure and position 

24 titration curves for humic substances (HS) versus salt concentration, and (ii) an original 

25 approach for absolute curve positioning upon exploitation of proton affinity spectra. The latter 

26 do not depend on Q0 and they thus constrain titration data analysis using Soft Poisson 

27 Boltzmann-based Titration (SPBT) formalism for nanoparticles in the thick electric double 

28 layer regime. We illustrate the benefits of our approach by analyzing titration measurements 

29 for a large range of humic nanoparticles and by comparing the outcome with results from 

30 literature.

31
32 Synopsis. This article provides a simple and accurate approach to determine the acid-base 

33 properties and electrostatic features of humic nanoparticles.

34
35 Keywords: Humic substances, Proton titration curves, Potentiometry, Soft particle 
36 electrostatics, Nanoparticles.
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40 Introduction

41 Natural Organic Matter (NOM) is ubiquitous in the environment and plays a paramount role 

42 in geochemical cycling of elements and in numerous biotic and abiotic chemical reactions.1–3 

43 NOM has a complex structure, humification state and composition depending on origin, 

44 operative hydro-biogeochemical conditions, types and biochemical activity of 

45 (micro)organisms that formed NOM by degradation processes. Consequently, NOM reactivity 

46 towards a diversity of compounds, including contaminants, remains difficult to understand and 

47 predict at a mechanistic level. 

48 Reactions between NOM and protons or metallic contaminants (cations in general) are 

49 mainly driven by acid-base functional groups, including carboxylic groups and minor reactive 

50 sites such as phenolic groups (amongst sulfur, nitrogen or phosphorous functional groups).4,5 

51 In this study as in many others related to humic reactivity, only carboxylic and phenolic groups 

52 will be considered because they represent the large majority of the proton binding sites. Humic 

53 substances (HS) can be divided into humic (HA) and fulvic acids (FA) on the basis of their 

54 respective solubility.6 They are key components of NOM as they carry the majority of 

55 carboxylic and phenolic groups. For this reason, the analysis of cation-HS binding processes 

56 has been the topic of numerous studies in literature (e.g.7–13). Since HS are chemically 

57 heterogeneous, a large variety of carboxylic- and phenolic-types of functional groups are found 

58 in contrasted chemical environments, and their respective reactivity involves differentiated 

59 chemical affinity towards cationic species. In addition, HS are colloids defined by nanometric 

60 dimensions, with radii of ca. 1 to 10 nm.14 They carry an electrical charge resulting from the 

61 formation of complexes between cations and reactive sites distributed throughout their 

62 intraparticulate volume. The assumption of equilibrium metal complexation by 

63 (nano)particulate ligands like HS, as formulated in the commonly adopted Biotic Ligand Model 

64 (BLM) and Free Ion Activity Model (FIAM), is tied to the verification of dynamic criteria,15–17 
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65 and for both scenarios of equilibrium and non-equilibrium metal speciation/complexation, the 

66 estimation of metal (bioavai)lability in suspension containing (nano)particulate ligands like HS 

67 requires proper evaluation of HS metal binding sites, metal binding heterogeneity and a proper 

68 integration of the HS electric double layer properties.18–21 This is where proton titration method 

69 comes in as this method allows for the determination of these properties. 

70 Because cations and protons compete for the same binding groups, it is fundamental to 

71 determine HS acid-base properties, which includes amounts and dissociation constants of 

72 carboxylic and phenolic groups. For that purpose, acid-base potentiometric titration curves are 

73 commonly collected as a function of pH and salt concentration, and subsequently analyzed by 

74 thermodynamic modeling.22,23 The method consists in performing successive acid-base 

75 titrations for a given HS sample dispersed in a monovalent background electrolyte (e.g. NaCl, 

76 KNO3), whose concentration is generally increased to achieve three ionic strengths (IS) 

77 typically in the range 3 to 300 mM. The sample is first acidified to reach the lowest chosen pH 

78 value (3 I pH I 4) at the lowest salt concentration adopted for the measurement. Then, the 

79 sample is titrated with a base, up to the highest chosen pH (typically 10 I pH I 11), followed 

80 by an acid titration back to the original pH. These titrations are repeated to obtain replicates at 

81 fixed salt concentration (forward and reverse measurements). To increase IS, salt is added at 

82 the lowest pH and titration procedure is then iterated for the second and third IS condition 

83 tested. The evaluation of the amount of H+ or OH- consumed by HS provides a direct 

84 quantification of the number of deprotonated groups as a function of pH over the whole HS 

85 dispersion volume. This number can then be converted into a variation of the (negative) 

86 electrical charge carried by HS (denoted as KQ) relative to the charge of the material at the 

87 initial pH of the titration curve (denoted hereafter to as Q0). Analysis of the dependence of HS 

88 charge variation on pH and salt concentration further requires adequate estimation of the 

89 chemical (intrinsic) and electrostatic (non-specific) contributions to the proton affinity for HS 

90 carboxylic and phenolic groups, which requires modeling.17,19-24

91 Despite of the apparent simplicity of the aforementioned proton titration procedure, major 

92 experimental challenges must be addressed to achieve accurate determination of HS acid-base 

93 properties. Two of them are listed below:

94 (i) A major difficulty concerns the estimation of the absolute charge (Q) of HS materials as 

95 a function of pH. Even though the necessity to assess Q0 value is recognized to compute 

96 Q from KQ, there is, to the best of our knowledge, currently no clear method proposed to 

97 evaluate Q0. In literature, the way Q0  is estimated is either not described25–27 or tied to its 

98 adjustment within multiparametric modeling-based fitting exercise.28,29 A possible way 
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99 to estimate Q0 would consist in measuring the point of zero salt effect (PZSE). However, 

100 this option is impossible to set in practice as for most HS materials the PZSE corresponds 

101 to pH values much lower than 3, i.e. conditions where HS charge tends to 0 and HS are 

102 prone to the formation of aggregates (especially so for the humic fraction).

103 (ii) The positioning of the different IS curves relatively to one another (hereafter referred to 

104 as “relative curve positioning”) requires an additional independent salt titration at a 

105 chosen fixed pH, commonly known as pH stat salt titration.30 This option is not optimal 

106 because of the additional measurement time it requires and the possible associated 

107 uncertainties in the ensuing relative curve positioning process brought by the analysis of 

108 a different sample.

109 Theoretical evaluation of HS charge properties from acid-base titration data is also highly 

110 challenging. Substantial efforts have been made to estimate thermodynamic proton- and metal 

111 ion-HS binding parameters and to develop predictive models under environmentally relevant 

112 conditions.4,7,10,25,29,31–34  Historical models on protons binding by HS treat humic substances as 

113 mixtures of dissolved aqueous solutes. Most of these models trace their origin to the Langmuir 

114 equation. The Henderson-Hasselbalch equation, a linearized logarithmic version of the 

115 Langmuir equation, can be represented using multiple Langmuir sites, which leads ultimately 

116 to the Gaussian distribution model. The Freundlich model is an entirely empirical isotherm 

117 allowing infinite binding in its unbounded original form; this model is nearly equivalent to a 

118 Gaussian distribution of Langmuir binding sites in its bounded form, as mathematically proven 

119 by Sips.35 The well-known hybrid Langmuir-Freundlich model (whose linearized logarithmic 

120 form is known as the modified Henderson-Hasselbalch equation), often involves two types of 

121 sites to describe proton binding on HS and to fit experimental data for complex HS mixtures. 

122 Other models like Models WHAM V or VI may integrate more binding sites (up to 8) and they 

123 came as improvement to the aforementioned pioneering theoretical representations as they 

124 included effects associated to electrostatics of HS viewed as particles and not as solutes. Indeed, 

125 previous study36 demonstrated that HS electrophoretic properties, in particular their dependence 

126 on solution ionic strength, could be properly interpreted using electrohydrodynamic theory for 

127 soft (ion-permeable) particles. The successful interpretation also applied to large ionic strengths 

128 where historical electrokinetic models valid for solutes or molecules (e.g. Hückel-Onsager 

129 formalism) failed in reproducing quantitatively the peculiar electrokinetic behavior of soft 

130 particles under such electrolyte concentration conditions.37,38 As a further support for 

131 representing HS materials as (nano)particles rather than solutes, we mention that the 

132 chemodynamics of metal-humics or metal-fulvics complexes (which refers to the 

Page 4 of 24

ACS Paragon Plus Environment

Environmental Science & Technology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



5

133 interconversion kinetics between free and complexed metal forms) cannot be understood at a 

134 quantitative level on the basis of the well-known Eigen metal complexation model that is strictly 

135 applicable to ligands of small molecular size.39 Instead, a kinetic model elaborated with a 

136 nanoparticulate representation of humics with adequate electrostatics evaluated from Poisson-

137 Boltzmann theory for soft nanocolloids was shown to correctly capture the way kinetics of 

138 metal association with humics and fulvics depends on particle size and electrostatic properties 

139 as well as on the metal nature.39 The remarkable dynamic reactivity of nanoparticulate humics 

140 and fulvics originate from Boltzmann metal accumulation and Debye acceleration of metal 

141 transport, most pronounced for soft particles that exploit accelerating mechanism on a 3D 

142 level.39 Last, we emphasize that measured diffusion coefficients of humics and fulvics, in the 

143 range 2.5�10-10 m2 s-1 to 6.9�10-11 m2 s-1 for two of the samples analyzed here (i.e. Suwannee 

144 River Natural Organic Matter and Pahokee Peat Humic Acid)40 better fit a particle-based 

145 representation for HS rather than a molecular/solute one. Typical diffusion coefficients for 

146 molecules range indeed from 6.23�10-10 m2 s-1 (for citric acid �200 g mol-1) to 4.14�10-10 m2 

147 s-1 (for rhodamine 6G �500 g mol-1).41,42

148 Further benefits in adopting Poisson Boltzmann theory for HS particles were evidenced by 

149 Pinheiro et al.17 in their analysis of potentiometric titration curves collected for a large variety 

150 of HS. In detail, these authors reported a formalism called SPBT-PEST (SPBT for Soft Poisson 

151 Boltzmann-based Titration theory and PEST as the module used for adjustment of SPBT- 

152 parameters) to reconstruct experimental titration data on proton binding to HS with an analysis 

153 based on rigorous numerical solving of non-linearized Poisson-Boltzmann equation for soft 

154 nanoparticles. Practically, SPBT-PEST analysis of potentiometric titration data involves the 

155 concomitant reconstruction of both the measured titration data and the associated proton affinity 

156 spectra over the whole range of pH and salt concentration conditions tested. It is stressed that 

157 the SPBT-PEST model, when applied to chemical conditions where there are no electrostatic 

158 effects, identifies with the Henderson-Hasselbalch equation. Within adopted particle-based 

159 representation of HS, the Langmuir-Freundlich or Henderson-Hasselbalch isotherm may be 

160 applicable, albeit at a local level within the reactive body of the HS, and the binding properties 

161 perceived at the scale of the particle and that of the particle dispersion must then be retrieved 

162 from proper spatial integration, as detailed elsewhere.17

163  Given the aforementioned elements, WHAM model VI/VII involving simple solution to 

164 the Poisson-Boltzmann (PB) equation valid for hard particles (i.e. impermeable to ions from 

165 background electrolytes), is unsuitable for HS, as further argued by Town et al.43  and Rotureau 
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166 et al.44 in the context of equilibrium metal binding to HS. Whereas NICA-Donnan model 

167 represents HS as permeable spheres, the electrostatic potential profile associated to Donnan 

168 representation is oversimplified as it implies a potential that is a priori constant inside the 

169 particle. However, this simplification may result in a misevaluation of the proton and metal ion-

170 HS binding parameters as variation of inner particle potential with position is operational in 

171 small-sized particles like many HS for which radius is comparable to Debye length.19,43,44 

172 Furthermore, the Tipping models or NICA-Donnan model do not allow a quantitative 

173 interpretation of metal stability constants and heterogeneity thereof as measured with 

174 electroanalytical techniques in media differing with respect to ionic strength.19,43,44

175 As a response to the major limitations and challenges identified above, we develop herein 

176 a new experimental and theoretical procedure allowing for a consistent determination of acid-

177 base HS features. We show that the new experimental approach we propose leads to: (i) a 

178 reduction of the overall measurement time by a factor ~3, (ii) a decrease of effects related to 

179 sample dilution, and (iii) an improved relative positioning of titration data curves collected on 

180 a given sample at different electrolyte concentrations. The data treatment process involves the 

181 direct subtraction of an experimental blank to measured sample, and a robust method - here 

182 explicitly detailed - for the evaluation of the absolute charge Q from the relative charge variation 

183 KQ measured with changing pH and salt concentration. This evaluation is achieved by 

184 exploiting proton affinity spectra defined as the first derivative of the titration curve with respect 

185 to pH (dQ/dpH), spectra that do not depend on Q0. The parameters describing the intrinsic 

186 heterogeneity of HS reactive sites as well as the chemical and electrostatic HS components to 

187 proton binding mechanism are then recovered by consistent reconstruction of both proton 

188 affinity spectra and titration data using SPBT-PEST model.18 Our approach is illustrated with 

189 measurements on several widely used HS standards provided by the International Humic 

190 Substance Society (IHSS).25,26,45,46 To the best of our knowledge, no acid-base titration data has 

191 ever been reported for the most recent samples commercialized by the IHSS. The obtained 

192 results are compared with ones published on these IHSS samples collected at the same location 

193 but ca. 30 years ago.26

194

195
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196 Materials and Methods

197 Reagents. All 7 HS samples analyzed in this work were purchased from IHSS, their 

198 abbreviated names adopted in this study together with their reference number are indicated in 

199 brackets: three samples from Suwannee River, one humic acid, one fulvic acid and one natural 

200 organic matter (respectively SRFA, 3S101F; SRHA 3S101H and SRNOM 2R101N), two from 

201 Pahokee Peat fulvic and humic acid (respectively PPFA, 2S103F and PPHA, 1S103H), and two 

202 humic acid samples from Leonardite (LHA, 1S104H) and from Elliot Soil (ESHA, 4S102H). 

203 Reagents needed for the titration were acquired from Sigma Aldrich, namely acid (HCl, 0.1 mol 

204 L-1), base (NaOH 0.1 mol L-1) and background NaCl electrolyte. The pH-buffer solutions 

205 required for electrode calibrations were ROTI®Calipure products (pH 4.00, 5.00, 7.00, 9.00, 

206 10.00). All samples were prepared with Ultrapure Water provided through a Milli-Q 

207 purification system.

208

209 Instruments. All pH measurements were performed by a Hamilton Fluxtrode pH electrode. 

210 Mettler Toledo analytical balance (±0.0001 g) was used to weigh all HS samples. Acid, base 

211 and salt additions during titration and HS dispersion process were conducted with an automated 

212 Metrohm titrator 809 Titrando, connected to a TIAMO v2.4 program that operates three 

213 burettes. Regarding the burettes, two of them had a volume of 10 mL and one of 2 mL, and they 

214 were respectively filled with 0.1 M HCl, 2 M NaCl and 0.1 M NaOH solutions. A TIAMO 

215 script was written for the titration protocol and is available on request. 

216

217 Sample preparation. Sample solutions were prepared by mixing 25 mg of HS material, 

218 50 ml of 1 mM NaOH and 9 mM NaCl directly into the titration Teflon vessel. The resulting 

219 sample concentration (i.e. 500 mg of NOM L-1) adopted in this work and in other studies47–49 is 

220 optimal for the detection of variation in HS charge with changing solution pH as it avoids e.g. 

221 the addition of large volume of titrants with use of sufficiently high concentrations in acid and 

222 base. Christl et al.50 investigated the effects of humic and fulvic acid concentrations (1-1000 

223 mg/L) and ionic strength on copper and lead binding, and found that corresponding metal-

224 binding isotherms measured at high and low humic matter concentration were similar. 

225 Reversible aggregation-disaggregation of HS particles may occur and aggregation issue is more 

226 significant for humic acids than for fulvic acids. Particle aggregation is further most important 

227 at low pH and high ionic strength. As we change the ionic strength at high pH (see titration 

228 protocol in the next section), thereby spending far less time at low pH condition, we expect that 
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229 this specific aggregation problem will be less severe with the new titration methodology 

230 proposed here. Our HS disaggregation protocol is applied to ensure that the dissolution of the 

231 solid material is complete and that there is no significant amount of aggregates in solution. We 

232 emphasize that the experimental verification (via diffusion coefficient measurement by 

233 Dynamic Light Scattering, DLS, or by voltammetry17) for the occurrence or not of HS particle 

234 aggregation under the conditions used for the titration measurements is not an easy task as e.g. 

235 DLS will be affected by multiple scattering at the HS concentration of interest and voltammetric 

236 measurements by the absence of signal as all cadmium ions will be then strongly complexed. 

237 The vessel was placed in an ultrasonic bath for 1 minute to disperse any possibly occurring 

238 aggregates. It was then placed in a thermoregulated glass vessel at 25°C under argon 

239 atmosphere, and the solution was magnetically stirred during the entire titration experiment. 

240 Subsequently, HS disaggregation protocol was initiated with a Titrando stand: HS solution was 

241 first set at pH 10 using NaOH 0.1 M and the pH decrease was monitored during 1 hour. Then 

242 the pH was set again to 10 and monitored overnight (usually 12 hours). Afterwards solution pH 

243 was set at 3 using HCl 0.1M, just prior to application of the potentiometric titration protocol 

244 detailed below. 

245

246 Potentiometric titration protocol. Each sample titration was paired with a 

247 corresponding blank titration performed either before or after sample titration. The hereafter-

248 described protocol applies to both the blank and the sample titration step. Five pH-buffer 

249 solutions (pH = 4, 5, 7 and 9 and 10) were used to determine a pH-potential (E, in V) calibration 

250 curve for the pH electrode prior and subsequent to a titration process (for both blank and sample 

251 measurement). All titrations were conducted between pH 3 and 10.5 using potential control. 

252 For each sample and associated blank measurement, titrations were successively conducted at 

253 three solution ionic strengths: 10 mM, 30 mM and 100 mM NaCl. One of the main aspects of 

254 the new experimental protocol is that the initial (Estart) and final (Eend) potential values - for all 

255 three IS conditions in both blank and sample titrations - are rigorously kept equal to minimize 

256 error in blank subtraction and curve positioning procedure.

257 After ensuring that E is stable for at least 15 mins and that it equals Estart (corresponding 

258 to pH 3, IS =10 mM), the sample or blank solution was titrated with a base solution, with 

259 increasing solution pH up to 10.5 (corresponding to Eend). Then, IS was increased from 10 mM 

260 to 30 mM upon addition of 2 M NaCl solution. This led to a drift of E to a larger value (Edrift), 

261 which was carefully monitored until it stabilized (within 15 min). After stabilization, E was set 
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262 again to Eend upon addition of a small volume of 0.1 M NaOH solution. The added amount was 

263 recorded and used later for relative curve positioning purpose. Subsequently, acid titration 

264 (using 0.1 M HCl) was performed to reach Estart. The entire procedure was repeated with: (i) a 

265 base titration up to Eend, (ii) an increase in IS to 100 mM NaCl concentration, (iii) a careful 

266 monitoring of Edrift, (iv) an addition of base to reach Eend again, and (v) a reverse and forward 

267 titration with acid and base, respectively. 

268 We cautiously verified the correct electrode calibrations at the start and end of the titration 

269 experiments as these were found identical within experimental error, meaning that we did not 

270 observe any calibration drift in the course of the titration experiments.

271 The deprotonated groups carried by the HS (QHS) are determined by point-by-point 

272 subtraction of the blank titration for each pH condition tested 51,52 (eq 1).

273 QHS = QHS+solution - Qblank                                     (1)

274 where QHS+solution and Qblank represent the number of mols per liter of added titrant in the 

275 presence and absence of HS, respectively. This operation leads to estimation of QHS solely 

276 associated with HS titration with a reference of 0 moles L-1 of charge at pH 3 and 10 mM salt 

277 concentration as the Q0 value is unknown at this stage of the analysis. WQ (in mol kg-1) was 

278 then calculated by dividing the blank-subtracted QHS value by the concentration of HS ([HS] in 

279 kg L-1) (eq 2): 

280 (2)�� =
�HS

[HS]

281 Fitting procedure. The SPBT-PEST fitting procedure applied to obtain the parameters 

282 that best describe the experimental titration curves and their associated proton affinity spectra 

283 closely follows the one proposed by Pinheiro et al.18 except for the very determination of Q0. 

284 This procedure is described in detail in section C of the Supporting Information (SI) of the paper 

285 by Pinheiro et al.18 the reader is referred to. The procedure consists in three steps that we briefly 

286 recall: 

287 a) Initial parameter estimation

288 The input file needed to run SPBT-PEST model is a file containing the measured charge 

289 vs. pH and its associated proton affinity spectrum (dQ/dpH vs. pH). This affinity spectrum was 

290 obtained by cubic spline interpolation of the experimental Q vs. pH curve and evaluation of its 

291 derivative with respect to pH (step achieved using Matlab™ software). The required estimation 

292 of the particle radius (rp, in m) and molecular weight (Mw, in kg mol-1) is done along the lines 

293 detailed in the sections A and B of SI. Briefly, scanned stripping chronopotentiometry (SSCP) 

294 was used to determined rp 
53 and values of Mw or realistic ranges thereof (minimum: Mw,min to 
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295 maximum: Mw,max) were inferred from literature review. Guessed values for the density of 

296 reactive carboxylic and phenolic groups (in mol kg-1) were estimated from the experimental KQ 

297 vs. pH curve, namely: carboxylic sites density (Qmax,1) was set equal to the value of KQ reached 

298 at the first plateau encountered with increasing pH, density of phenolic groups (Qmax,2) was set 

299 equal to the excess of measured charge relative to that plateau value. The initial guessed values 

300 for the protonation (or dissociation) constants pertaining to carboxylic and phenolic groups 

301 (pKa1 and pKa2, respectively) were estimated from direct reading of the pH position of the 

302 maxima in the proton affinity spectrum (dQ/dpH vs. pH). The parameters describing the 

303 chemical heterogeneity of carboxylic and phenolic groups (m1 and m2, respectively) were 

304 initially set to 0.5 value according to the procedure described in section D of Pinheiro et al. 18. 

305 All values adopted for the initial guessed estimates of the relevant parameters listed above are 

306 collected in Table S1 in SI (section C therein) for the IHSS samples of interest in this work. 

307 They serve for initiating the iterative procedure detailed by Pinheiro et al.18 to recover the 

308 measured proton titration data and associated proton affinity spectra.

309 b) Q0 determination

310 The novel determination of Q0 proposed in this work involves the exploitation of the 

311 proton affinity spectrum (dQ/dpH), which can be calculated from the measured pH-dependence 

312 of the charge variation <KQ) as formulated by eqs. 3 and 4: 

313              (3)� = �� + �0 

314 (4)
 d�

dpH
=  

 d�� 

dpH

315  Concomitant fitting of the proton affinity spectra, derived from the data measured at the 

316 three adopted IS values, provides a full set of estimated parameters (rp, Mw, Qmax,1, Qmax,2, pKa1, 

317 pKa2, m1, m2). These parameters where obtained by adjustment of data with SPBT-PEST 

318 formalism, and they are -by construction- independent of any arbitrary choice made for Q0. 

319 These parameters then serve to compute newly corrected Q vs. pH curves for all three IS where 

320 the value of Q0 corresponds to the lowest Q value, i.e. at pH 3 and 10 mM NaCl. 

321 c) Refining the parameter values

322 Refinement of the parameter values (rp, Mw, Qmax,1, Qmax,2, pKa1, pKa2, m1, m2) is 

323 subsequently made from concomitant SPBT-PEST-based analysis of both Q and dQ/dpH 

324 curves following steps 3a and 3b in section C of the SI of Pinheiro et al..18 The fitting procedure 
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325 is first applied by setting rp and Mw to constant values while refining Qmax,1, Qmax,2, pKa1, pKa2, 

326 m1, m2, and then upon refining rp and Mw whereas setting the other parameters constant.

327 It is stressed that adopted SPBT-PEST modeling is performed without including any 

328 specific binding of Na+ to HS, that is by regarding the background electrolyte medium as 

329 indifferent with no role of the electrolyte ions in the processes that control the pristine structural 

330 charge of the HS particles.17 This approximation, also made within NICA-Donnan based 

331 modeling framework,20 is legitimate due to the extremely weak binding of Na+ to any ligand in 

332 solution, as illustrated by its tendency to poorly hydrolyze (corresponding pK approximately 

333 equal to 14).54

334

335 Results and discussion

336  This section reports HS titration data measurements and theoretical treatment on the basis 

337 of our proposed experimental protocol, namely blank subtraction, relative positioning of the 

338 experimental titration curves at different IS and the absolute curve positioning once the charge 

339 Q0 at low pH is determined. Best fitted parameters from SPBT-PEST modeling of the data on 

340 studied IHSS batches are given and compared with previously published results.

341

342 Blank subtraction. An example of blank, raw and blank-corrected sample titration curve 

343 (Qexp vs. pH) is given for Suwannee River Fulvic Acid (SRFA) at 10 mM NaCl in Figure 1. The 

344 blank correction is classically conducted by theoretical interpolation of the experimental blank 

345 titration curve and subsequent subtraction to sample titration data over the whole range of pH 

346 values where they have been collected. Nevertheless, in addition to the exclusion of electrode 

347 drift in the blank data fitting operation, the equation used for theoretical interpolation of blank 

348 titration data poorly fits pH domains where steeped variations in material charge are measured. 

349 These errors introduced during blank correction may, in turn, leads to erroneous “blank 

350 corrected” curves of titrated sample. In order to compute a blank correction that integrates 

351 electrode drift (if any) and truly represents experimental blank titration curve, the experimental 

352 blank values were fitted by cubic spline function using Matlab™ software. This makes possible 

353 the blank subtraction from sample titration data to be performed point by point.51,52 It is 

354 emphasized that accurate experimental blank subtraction is possible if and only if blank and 

355 sample titration curves start and end exactly at the same electrode potential (Estart and Eend 

356 respectively), so as to minimize errors in pH domains where steep sloped sections are measured, 

357 namely at low and high pH values. Last, additional smoothing of the cubic spline function 
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358 retrieved from blank titration data interpolation may be necessary in case of noisy blank titration 

359 data, recalling that specificity of cubic spline function is that it has to pass through all 

360 experimental data points subjected to interpolation. 

361 As expected, resulting corrected titration curves obtained for all studied IHSS samples 

362 display a negative charge over the whole pH range studied, which is typical for natural organic 

363 matter.55–59

364
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365 Figure 1: Experimental titration data versus pH. The QHS is computed from eq 1 determined at 10 mM 
366 background electrolyte solution for the blank solution (QBlank), the paired SRFA-containing solution 
367 (QHS+solution) and the difference between these data (QHS) are represented. The initial charge (pH 3) for 
368 the raw (QHS+solution) and blank (QHS) titration is given by the number of moles of acid anions [Cl-], and 
369 subsequent points are computed by adding the number of moles of cations of the titrant [Na+].

370

371 Relative positioning of titration curves at different salt concentrations. 

372 Background electrolyte concentration affects proton-HS binding as it impacts the electrostatic 

373 contribution to the overall interaction between HS and protons. As a direct consequence, 

374 evaluation of this electrostatic component of HS reactivity towards protons critically depends 

375 on the relative position of the titration curves measured at different solution ionic strengths. For 

376 the sake of illustration, Figure S1 (section D in SI) shows a flawed relative positioning of 

377 titration curves for SRFA “FH-03” sample given by Milne et al.25 Unlike curves well positioned 

378 with respect to electrolyte concentration (Figure S1), data (measured at 2, 10 and 100 mM 

379 NaCl) by Milne et al.25 display overlap over the entire range of pH values. As a consequence, 

380 the interpretations derived from such titration curves presenting an overlap would imply that 

381 the titrated HS material would have the same proton binding behavior regardless of solution 

382 ionic strength IS, whereas opposite conclusion was extensively reported in literature.17 In Figure 

383 2, titration curves of SRFA at three IS were positioned following the new procedure detailed in 

384 the preceding section. According to our proposed methodology, salt addition is carried out at 
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385 the highest pH value when Eend is reached at the end of the base titration (step 1). Under such 

386 conditions, HS charge and corresponding attractive electrostatic HS-H+ interactions are 

387 maximal.60 This leads to a significant release of H+ into the solution, which can be (i) accurately 

388 monitored through pH-electrode (E = Edrift) as the charge variation exceeds electrode-

389 measurement error, and (ii) neutralized by precise addition of OH- to reach Eend again (step 2). 

390 The same procedure is carried out in the blank titration were the amount of OH� necessary to 

391 return to Eend is due to dilution effect. The difference of base number of moles, needed to return 

392 to Eend, between sample and blank titration, represents the new HS charge resulting from 

393 increase in salt concentration. To position the titration curves, the result of the equation 2 is 

394 summed to the new HS charge after IS change.

395 This suggested approach cannot be implemented in the other commonly adopted 

396 procedures where salt addition is made at the lowest pH value22,23 because Edrift is then not 

397 measurable. The current approach offers the advantage to perform the entire titration procedure 

398 in the same sample, without performing additional titration at fixed pH vs. salt concentration.30 

399 As a result, this procedure saves both time and lab work effort while eliminating possible 

400 experimental biases.

401
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402 Figure 2: Change in SRFA charge versus pH in comparison to the situation at pH 3 <WQ), as measured 
403 at 10 mM, 30 mM and 100 mM NaCl.

404      

405 Fitting proton affinity spectra: absolute curve positioning by Q0 

406 determination. KQ values provide limited information on HS acid-base properties. An 

407 absolute positioning of the titration curves is required to fully address HS charge (Q). As 

408 described in the experimental section, Q0 is obtained via fitting the experimental proton affinity 

409 spectra (dQ/d(pH)) using SPBT-PEST iterative procedure. We recall that the initial guessed 
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410 estimates of the parameters involved in SPBT model (rp, Mw, Qmax,1, Qmax,2, pKa1, pKa2, m1, m2), 

411 used to initiate the iterative computational process for reconstruction of proton affinity curves, 

412 are listed in Table S1 for all HS materials analyzed in this work. 

413 Theoretical reconstruction of the proton affinity spectra is illustrated in Figure 3a for 

414 SRFA. Corresponding fitting provides a full set of newly adjusted SPBT parameters. These 

415 adjusted parameters are then subsequently adopted to theoretically compute the charge curves 

416 (Q) for each ionic strength tested. These theoretical curves are shifted to more negative charge 

417 values (Figure 3b) as compared to measured ones simply because they account for the negative 

418 electrical charge that HS material already carries under the starting conditions of the titration 

419 measurement (i.e. pH = 3, 10 mM NaCl). Under such initial conditions, KQ was set to 0 as a 

420 result of the blank subtraction. Accordingly, the value of the absolute charge Q0 is directly 

421 inferred from calculated Q at pH = 3 in 10 mM NaCl.

422 The Q0 values (given in mol kg-1) obtained for the different IHSS samples of interest in 

423 this work (see the corresponding experimental and reconstructed proton titration curves in 

424 Figure S2, section E in SI) were found to be larger for tested fulvic acids and NOM (SRFA -

425 1.00, PPFA -1.75, SRNOM -1.27) than for the humic acids (SRHA -0.69, PPHA -0.62, LHA -

426 0.70, ESHA -0.94), in line with the larger overall charge and acidity of fulvic acids known for 

427 IHSS samples.26 The developed method was applied to the most recently extracted and purified 

428 IHSS samples (next section). 

429
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431 Figure 3: (a) Experimental and modeled proton affinity spectra for SRFA (dQ/dpH versus pH) at 
432 three IS (10 mM, 30 mM, 100 mM). (b) Experimental WQ (symbols) and simulated Q (lines) (versus 
433 pH and salt concentration) by SPBT-PEST for SRFA versus pH at three IS (10 mM, 30 mM, 100 
434 mM). In both panels, experimental data are represented by symbols whereas modeled results are 
435 plotted by solid lines with the same color code as that for corresponding experimental data. 

436
437 IHSS samples, thirty years after. The corrected proton titration curves established for 

438 the whole set of here studied HS materials are compared with those obtained for the first IHSS 

439 samples analyzed at 0.1 M ionic strength by Ritchie and Perdue26, recalling that the latter 

440 samples were extracted and purified about 30 years ago. When comparing WQ plotted from both 

441 data sets (data acquired by Ritchie and Perdue26 and data acquired in this study) at pH 3, a 

442 difference of less than 5% is obtained (Figure S3, section F in SI). This may suggest that the 

443 temporal variability of HS acid-base properties is rather small. A detailed comparison can be 

444 carried by recalculating the charge values published by Ritchie and perdue26 at 0.1 M IS using 

445 modified Henderson-Hasselbalch model with optimized parameters (denoted as Q1’, Q2’, Log 

446 k1 , Log k2, n1 and n2 in Ritchie and Perdue26) and converting into mol  kg-1 of NOM from values 
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447 in meq gC-1. We found that the experimental total HS charge is larger than that measured in this 

448 work (Figure S4, section G in SI) due to a larger Q0 determined by Ritchie and Perdue.26 This 

449 leads to different proportions of functional groups as exemplified for SRFA by the ca. 4 to 1 

450 carboxylic to phenolic ratio reported by Ritchie and Perdue26 as well as in other studies25,33 

451 which is higher than the 2 to 1 ratio obtained in the current study. This comparison emphasizes 

452 how differences in computation of Q0 (i.e. absolute positioning of titration curves) leads to 

453 possible misevaluation of carboxylic sites density. We stress that HS charge evaluation in 

454 Ritchie and Perdue26 is based on an approach assuming that all carboxyl groups and no phenolic 

455 groups are titrated at pH 8 and that one half of the phenolic groups are titrated between pH 8 

456 and pH 10. We argue that our model fits all experimental data without such a priori assumption. 

457 In addition, a prerequisite for the application of the Henderson-Hasselbalch equation adopted 

458 in Ritchie and Perdue26 (without any electrostatic component included) is that data subjected to 

459 fitting using that equation must necessarily refer to a so-called master curve (i.e. all HS charges 

460 are completely screened and there is no polyelectrolyte effect at stake). Obviously, any simple 

461 look at the data cannot directly and quantitatively inform on the presence/absence of 

462 electrostatic effects, and the hypothesis underlying a valid application of the Henderson-

463 Hasselbalch equation (without electrostatic component included) is -to the best of our 

464 knowledge- rarely justified. By contrast, our approach combining HS charge evaluation at 

465 different IS allows for refined and consistent consideration of HS electrostatics.

466

467 SPBT parameters refinement. Using the determined Q0 values, all WQ titration data 

468 could be converted into an absolute charge scale (Q). A refinement of the SPBT parameters 

469 was then carried out by simultaneous fitting of both Q and dQ/dpH vs. pH curves 18 using as 

470 initial guessed parameter values those derived from SPBT-PEST-based fitting of the proton 

471 affinity spectra. The refined parameters for the 7 here-examined samples (SRFA, SRHA, 

472 SRNOM, PPFA, PPHA, LHA, ESHA) are collected in Table 1. The experimental and SPBT-

473 PEST modeled titration curves are all displayed in Figure 4 for SRFA, and in Figure S2 for the 

474 other six IHSS samples. All modeled curves are in remarkable agreement with the measured 

475 titration curves. 

476 The fitted rp values do not significantly differ from the measured ones for most of HS 

477 samples, except for PPFA with rp =1.56 ± 0.34 nm (measured) and 2.75 ± 0.14 nm (fitted value), 

478 and PPHA with rp =3.04 ± 0.25 nm (measured) and 3.67 ± 0.28 nm (fitted). As a possible 

479 explanation for these deviations, it can be argued that SSCP used for the determination of rp 
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480 (Section A in SI) is more sensitive towards smaller particles that diffuse faster.53 Therefore, in 

481 a polydisperse system this measurement may be biased by the presence of small particles, 

482 possibly leading to an underestimation of the mean particle size of the sample. 

483 All fitted values of Mw fall within the intervals of measured values reported in literature 

484 (Table S1). In detail, fitted values of Mw were close to Mw,min values given for SRFA, SRNOM, 

485 PPFA, LHA and ESHA, whereas those of PPHA lie in the mid-range in the interval 6.4 to 19.2 

486 kg mol-1 with a fitted value of 11.10 kg mol-1. For SRHA, Mw = 4.02 kg mol-1 compares to 

487 Mw,max (4.4 kg mol-1).

488 The retrieved size and molecular weight seem to differ according to the respective 

489 origins of the tested samples. The river-extracted samples indeed display - in average - smaller 

490 rp (ranging from 0.8 to 1.8 nm) and Mw (ranging from 1.14 to 4.02 kg mol-1) than the peat and 

491 soil ones (1.71< rp < 3.67 nm; 3.64 < Mw < 11.10 kg mol-1). Furthermore, some similarities can 

492 be drawn between samples of the same nature, as humic particles samples are larger and heavier 

493 than fulvic ones.61 These results are supported by other studies that associate larger and heavier 

494 particles to terrestrial refractory molecules originating from plant residues, and smaller and 

495 lighter particles associated to more labile particles such as bacterial-sourced organic matter. 62,63 

496 No such cluster is observed regarding the Qmax,i, pKai and mi  parameters (with i = 1 or 2). The 

497 acidity constants are distributed from 3.29 to 4.33 and from 9.24 to 11.31 for carboxylic and 

498 phenolic sites, respectively. Also, the heterogeneity parameters are in average 0.51 ± 0.068 and 

499 0.28 ± 0.10 for carboxylic and phenolic sites, respectively. 

500 The obtained density of carboxylic sites ranges from to 3.31 to 6.42 mol kg-1, whereas 

501 that of the phenolic sites lies in between 1.10 and 4.48 mol kg-1. The carboxylic-to-phenolic 

502 site density ratios ranges from 0.8 (for ESHA and PPHA) to 5.8 (for PPFA). Table S2 (section 

503 H in SI) compares site densities ratios of carboxylic and phenolic groups in IHSS samples from 

504 several studies 26,25,64 with results obtained from this work. Although different data acquisition 

505 and treatment methods were used in these various studies, they systematically report Qmax,1 > 

506 Qmax,2, in contrast to our findings. Most of the models describing titration curves used in the 

507 studies with which our carboxylic-to-phenolic ratios are compared,25,26,64 do not explicitly 

508 account for the electrostatic contribution to protons binding. Also, as mentioned in the 

509 introduction section, there is no clear explanation as how Q0 was determined in these studies. 

510 For these reasons, we hypothesize that the carboxylic to phenolic ratio found therein might have 

511 been misevaluated. Consequently, we argue that inaccuracy in determining Q0 and in describing 

512 the titration curves with unsuitable chemical-electrostatic model may have significant 
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513 implications for the estimation of parameters pertaining to the intrinsic chemical component of 

514 HS charge. 

515
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517 Figure 4: Fully corrected experimental titration curves (symbols) and SPBT modelled titration curves 
518 (plain lines) for SRFA at 10 mM, 30 mM and 100 mM of NaCl.

519

520
521 Table 1: Optimized chemical parameters retrieved from SPBT-PEST modelling of titration data and 
522 associated proton affinity spectra.

Sample Qmax,1

mol kg-1

Qmax,2

mol kg-1

pKa1 pKa2 m1 m2 rp

(nm)

Mw

kg mol-1

SRFA -4.35 
± 0.06

-2.40 
± 0.30

3.76 
± 0.01

9.50 
± 0.28

0.57 
± 0.01

0.26 
± 0.03

1.34 
± 0.03

1.51 
± 0.06

SRHA -3.31 
± 0.15

-3.87 
± 0.98

3.80 
± 0.02

10.04
± 0.65

0.54 
± 0.02

0.24 
± 0.05

1.80 
± 0.03

4.02 
± 0.01

SRNOM -4.33 
± 0.05

-3.38 
± 0.27

3.26 
± 0.01

9.73 
± 0.25

0.58 
± 0.01

0.24 
± 0.01

0.89 
± 0.04

1.15 
± 0.09

PPFA -6.42 
± 0.02

-1.10 
± 0.05

3.66 
± 0.01

9.43 
± 0.09

0.40 
± 0.01

0.46 
± 0.02

2.75 
± 0.14

3.64 
± 1.09

PPHA -3.40 
± 0.26

-4.26 
± 2.35

4.04 
± 0.02

11.31 
± 1.83

0.52 
± 0.03

0.20 
± 0.06

3.67 
± 0.28

11.10 
± 3.30

LHA -4.01 
± 0.13

-2.00 
± 0.37

4.33 
± 0.05

9.24 
± 0.21

0.43 
± 0.01

0.41 
± 0.07

3.39 
± 0.37

5.78 
± 5.24

ESHA -3.74 
± 0.12

-4.48 
± 1.34

3.27 
± 0.02

10.76 
± 1.06

0.51 
± 0.02

0.20 
± 0.02

1.71 
± 0.15

7.69 
± 3.21

523

524 Environmental implications

525 Potentiometric acid-base titration of nanoparticulate HS at different salt concentrations 

526 is a method of choice to determine HS charge properties. A proper interpretation of the 

527 corresponding data and ensuing evaluation of proton-HS binding is a mandatory pre-requisite 

528 for addressing at a mechanistic level the reactivity of HS with respect to e.g. metal ions or 
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529 mineral surfaces. Correctness in such data interpretation is tied to: (i) adequate positioning of 

530 the raw proton titration curves measured at different salt concentrations and their correction for 

531 blank titration, and (ii) appropriate deciphering of the intrinsic chemical and non-specific 

532 electrostatic contributions to proton binding. The potentiometric acid-base titration protocol 

533 developed in this work for characterizing HS charging behavior and the corresponding data 

534 analysis methodology we propose overcome most of the so-far unresolved technical limitations 

535 and biases that we herein identify. Our theoretical interpretative framework further solves the 

536 inherent shortcomings of conventional thermodynamic models largely used for the analysis of 

537 proton titration HS data but unfortunately based on an flawed representation of the electrostatics 

538 operational for soft nano-HS particles. 

539 Significant discrepancies are evidenced from comparison between proton titration 

540 datasets established in this study for a large range of newly analyzed IHSS substances, and 

541 those available in literature for similar samples. Outcome thus pinpoints possible flawed 

542 experimental setup and/or unclear or even inappropriate data treatment methods adopted in the 

543 past. A major point of concern is that these literature data have been extensively used to 

544 calibrate empirical and phenomenological models for ‘predicting’ HS reactivity, putting aside 

545 the large limitations of these models in their account of the true potential distribution in the 

546 intra- and extra-particulate HS spatial regions. As a result, reactive HS site densities and 

547 especially dissociation constants of carboxylic and phenolic HS functional groups reported in 

548 literature are likely subjected to some uncertainties. In turn, predictions of HS reactivity towards 

549 protons or even metal species as reported on the basis of such biased experimental titration data 

550 and analysis thereof should be considered with caution. For the sake of illustration, whereas 

551 carboxylic sites are generally considered to be more abundant than phenolic groups, the results 

552 detailed in this work add much nuance to this accepted property, depending on the type of 

553 considered HS material. When comparing the relative HS charge variation (relative to HS 

554 charge at pH 3) at 0.1M solution ionic strength, we observe small differences (less than 5%) 

555 between acid-base properties of 7 HS samples newly provided by the IHSS and those derived 

556 from data collected on equivalent samples extracted 30 years ago. Because these HS samples 

557 largely serve as reference to investigate NOM reactivity towards metal ions, a re-evaluation of 

558 cations-HS binding data and modeling may be achieved with improved consideration of the 

559 electrostatic component of protons binding and with caution to relative and absolute curves 

560 positioning, as done in this work.

561 By analyzing 7 IHSS samples, a notable variability in proton-HS affinity is evaluated. 

562 As previously reported, humic or fulvic samples show similarities, especially with respect to 
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563 their size and molecular weight, which was a major argument for past establishment of generic 

564 parameters for popular HS reactivity models. However, HS from aquatic and terrestrial origins 

565 define two types of HS and HA/FA grouping with respect to their overall charge behavior. In 

566 line with previous criticisms formulated on empirical NICA-Donnan modeling, we recommend 

567 to perform potentiometric acid-base titration and we advocate for the derivation of specific 

568 interpretation of data collected on samples of interest rather than resort to the use of generic 

569 parameters. This work provides reliable tools and fast methodological strategy to achieve these 

570 required tasks and to better understand HS reactivity to metal ions or mineral surfaces, as 

571 required in the analysis of numerous major environmental issues.
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