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ABSTRACT

The physico chemical properties of three different humic substances (HS) are probed using capillary
zone electrophoresis in alkaline carbonate buffers, pH 10. Special attention is drawn to the impact of the
electrolyte ionic strength and counter-ion nature, chosen within the alkali-metal series, on HS
electrophoretic mobility. Taylor-Aris dispersion analysis provides insights into the hydrodynamic radius
(Rn) distributions of HS. The smallest characterized entities are of nanometric dimensions, showing
neither ionic strength- nor alkali-metal-induced aggregation. These results are compared to the entities
evidenced in dynamic light scattering measurements, the size of which is two order of magnitude higher,
ca. 100 nm. The extended Onsager model provides a reasonable description of measured electrophoretic
mobilities in the ionic strength range 1-50 mM, thus allowing estimation of limiting mobilities and ionic
charge numbers for the different HS samples. An unexpected HS electrophoretic mobility increase (in
absolute value) is observed in the order Li* < Na* < K" < Cs" and discussed either in terms of retarding
forces or in terms of ion-ion interactions.
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ABBREVIATIONS

Humic Substances (HS); Natural Organic Matter (NOM); Suwannee River Humic Acid (SRHA);
Suwannee River Fulvic Acid (SRFA); Purified Aldrich Humic Acid (PAHA); Capillary Zone
Electrophoresis (CZE); Background Electrolyte (BGE); Electroosmotic flow (EOF); Taylor dispersion
analysis (TDA); Dynamic light scattering (DLS).

1. INTRODUCTION

The structure evolution of humic substances (HS), alkaline extracts of natural organic matter (NOM),
with physical and chemical properties of solution has been a matter of debate for decades, even though
more and more experimental evidence are pointing to an aggregation of rather small entities [1-3] in
fractal organization [4-8]. The smallest objects evidenced up to now are of some nanometers in
hydrodynamic radius [2,3]. Nevertheless, objects of some hundreds of nanometers have been commonly
observed in dynamic light scattering [9-12]. lonic strength has been identified as an influencing
parameter on size and viscosity [12-14], acid-base properties [15,16], and affinity to metal ions [17,18].
But the extent of the ionic strength influence on size is not really clearly established. Some questions are
still open: to which size scale does ionic strength actually affects the aggregate(s) size(s) of HS?; are the
smallest objects affected, or does it only affect the already known larger aggregates seen in dynamic
light scattering [12]?, and what is the actual influence of the alkaline cation?

The alkaline cations are weakly sorbed to HS [19], mostly non-specifically [20]. Influence of NOM
on the cesium sorption onto minerals occurs mostly through the “blocking” of mineral sorption-sites by
NOM more than through the direct Cs-NOM interaction [21]. Nevertheless, the influence of alkaline
metals through ionic strength on acid-base properties induces an acidification [15,16], which depends
on the nature of the cation [19]. Some data are existing which compare Na* and K* [19], but to our
knowledge no systematic study was performed throughout the alkaline series.

To provide a deeper insight into NOM-structure, a combination of complementary characterization
techniques based on different physico chemical properties should be used, such as high performance size
exclusion chromatography (HPSEC) [1], electrospray ionization mass spectrometry (ESI-MS) [22-25],
atomic force microscopy (AFM) [2] or small angle neutron or X-ray scattering (SANS/SAXS) [5,6].

Over the last two decades, many authors have focused on the fingerprint characterization of HS using
capillary-based electromigration techniques such as capillary zone electrophoresis (CZE) [26], capillary
gel electrophoresis (CGE) [27], capillary isoelectric focusing (CIEF) [27,28] as well as micellar
electrokinetic chromatography (MEKC) [27]. Special attention was paid to CZE as it combines the
unique possibility to separate and detect NOM in aqueous solution within wide pH- and ionic strength-
ranges that allow mimicking environmental conditions. Characterizations were performed mainly using
uncoated silica capillaries except in few cases where the authors aimed to minimize the electroosmotic
flow (EOF) [29] or HS-sorption onto the capillary wall at low pH [30,31]. Among all separation
electrolytes mentioned in the literature, the most frequently used are based on acetate [29,32], borate
[29,32,33], phosphate [29,32-34] or phosphate-borate [33,35] buffer systems. More detailed information
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on the composition of the detected fractions were obtained using either diode array (DAD) or laser-
induced fluorescence (LIF) detectors compared to that obtained using single-wavelength UV detection
[33,36]. Commonly, NOM behave as anionic species in aqueous solutions and the injection of rather
concentrated sample solutions (0.1-1 g.L ™) produces typical fingerprints that are composed of a series
of sharp peaks superimposed to a very broad hump sometimes followed by an asymmetrical peak on the
higher mobility side. These electrophoretic patterns were interpreted as different HS-subfractions co-
migrating with a large supramolecular assembly consisting in an unresolved distribution of aggregate
size and charge states. Nevertheless, only a mass-selective detector could allow differentiating the charge
and mass distributions within the polydisperse humic samples. Thus, Schmitt-Kopplin and Kettrup [37]
evaluated the use of CZE-ESI-MS for the characterization of Suwannee River NOM. They evidenced
that the changes of the m/z ratio distributions with mobility show a decrease of the m/z ratio with
increasing electrophoretic mobility in the humic hump at alkaline pH; superimposed on this hump a low-
molecular-weight fraction migrates at lower mobility. Schmitt-Kopplin and Junkers [26] gave an in-
depth overview of the use of CZE in the characterization of NOM and looked at different pitfalls and
artifacts that could come either from the instrumental setup or from separation buffer solution chemistry.
In few words, they cautioned against the presence of a number of system peaks, which are inherent to
the buffer or to different ionic strength distributions within the capillary (stacking effects). They also
emphasized on artifacts caused by the potential interaction of buffer ions with HS samples, for instance
in phosphate or borate buffers, which may improve signal reproducibility but become a problem when
interpreting the data in relation to the size and charge distribution of native samples.

Because of problems in the interpretation of the complex electropherograms, CZE has been scarcely
used for HS mobility measurements, and only few attempts have been made to evaluate the dependence
of electrophoretic mobility on electrolyte composition (pH, ionic strength and chemical nature) as well
as HS acid-base and complexation properties [34,38,39]. Schmitt-Kopplin and Junkers [26] related these
problems to the choice of the separation electrolyte, especially reminding that borate ions compete with
the same humic binding site as metals [40,41]. In this context, Norden and Dabek-Zlotorsynska [42]
used capillary electrophoresis to study humic-metal interactions in borate-based buffer systems and
ranked the investigated metal ions (M%) in order of decreasing complex stability: AP > Hg?* > Cu?* >
Pb?* > Sr?*, in agreement with the Irving-Williams series generally stated for HS-metal interactions [43].
This is also consistent with the work of Lubal et al. [44] who reported that humic acids bind strongly
with heavy metal ions and the stability constant of HA-metal ion complexes were found to decrease in
the order: Cu?* > Ba?* > Pb?* > Cd?* > Ca?". Lately, there has been an effort to develop the applications
of capillary electrophoresis hyphenated with inductively coupled plasma mass spectrometry (CE-1CP-
MS) to the study of HS-metal interactions, mainly lanthanides [45-53].

Beside electrokinetic measurements, the capillary electrophoresis instrument has proved to be well
suited to perform Taylor dispersion analysis (TDA) as an alternative technique to determine the diffusion
coefficients, D, of solute molecules [54]. It relies on the specific dispersion profile of a solute plug in a
laminar Poiseuille flow, subjected to the combined effect of diffusion and convection. This method is
attractive as it offers a possibility for a fast evaluation of D, based on the variance associated with the
solute peak broadening or boundary sharpness, and thus estimation of the effective dimension of a given
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analyte in solution: the Stokes radius, Rx. Besides electrophoretic measurements, CE instrumentation
has proved to be particularly well suited for performing TDA as it offers all the functions of injection,
detection and data acquisition in a single automated apparatus. Recently characterized systems were as
varied as phenylalanine, proteins, polymers, DNA fragments, colloidal particles or magnetic beads [55-
64].

The aims of the present work are 1) to study the applicability of CZE for HS characterization in terms
of size and charge distributions, which are the main properties that affect HS-reactivity in the
environment, and ii) to estimate the influence of the electrolyte ionic strength (I) and alkaline counter-
ion nature (M* = Li*, Na*, K*, Cs*) on HS electrophoretic behavior.

2. MATERIALS AND METHODS

2.1. Chemicals and reagents

Standard 1 M and 0.1 M NaOH solution Normadoses were purchased from VWR (Strasbourg,
France). LioCOz and K,COs were obtained from Merck (Fontenay-sous-Bois, France). NaCOs and N,N-
dimethylformamide were provided Fisher Scientific (lllkirch, France). LiOH, CsOH (50 wt. % in H20),
standard 0.1 M KOH solution Fixanal, Cs2COs and humic acid were purchased from Sigma-Aldrich
(Saint-Quentin Fallavier, France). CO in gas cylinder was provided by Messer (Puteaux, France).
Suwannee River Humic Acid (SRHA) standard Il and Suwannee River Fulvic Acid (SRFA) standard 11
were purchased from the International Humic Substances Society (IHSS, St. Paul, MN, USA) and used
as received. Water used throughout was produced by a Barnstead Easypure 1l UV water purification
system (Thermo Scientific, Dubuque, 1A, USA).

2.2. Separation electrolyte solutions

The 0.1 M LiOH stock solution was prepared by dissolving 0.24 g of LiOH in 100 mL of deionized
water. The 0.1 M CsOH stock solution was prepared by diluting 0.857 mL of the commercial CsOH
(50 wt. % in H20) solution in deionized water to a final volume of 100 mL. All 5 and 0.1 mM alkali
hydroxide solutions were prepared from the corresponding 0.1 M stock solution by applying successive
dilutions in deionized water at 1:19 and 1:49, respectively. The 1 M alkali carbonate stock solutions
were prepared by dissolving 7.4 g, 10.6 g, 13.8 g, and 32.6 g of LioCO3, Na2CO3, K2COs3, and Cs2CO3
in deionized water to a final volume of 100 mL, respectively. All 0.1 M alkali carbonate solutions were
prepared from the corresponding 1 M stock solution by applying a 1:9 dilution in deionized water.
Carbonate buffer solutions of various ionic strengths (1 to 500 mM) were prepared by i.) dilution of
predefined volumes V\,co,, Of alkali carbonate stock solutions ([M2COs]o = 1 or 0.1 M) in deionized
water according to the desired BGE final volume Vs, and ii.) CO2(g) bubbling until pH stabilization at
10. The composition of the resulting separation electrolyte solutions is summarized in Table 1.

N,N-dimethylformamide was used as EOF marker at 0.01 % v/v in buffer solution.



2.3. HSsamples

Aldrich Humic Acid was purified following the procedure described by Kim et al. [65]. Stock
solutions of HS were prepared as follow: 10 mg of each solid sample were weighed and solubilized in
about 10 g of a 5 mM MOH solution by sonication for 10 min. The resulting solution was constantly
stirred during 24 h before pH-measurement. Then, the pH of the stock solution was adjusted around 10
by addition of few microliters of a 0.1 M MOH solution until stabilization. HS sample solutions were
obtained by a 1:1 dilution (final HS concentration 0.5 g.L™) in a buffer solution of identical pH and
chemical nature but twice the ionic strength of the separation buffer. HS sample solutions were let stand
overnight prior to analysis.

2.4. CE apparatus and measurements

A Beckman P/ACE MDQ system (Beckman Coulter, Inc., Fullerton, CA, USA) equipped with a
diode array detector (DAD) was used for all CE experiments. Capillaries were prepared from bare silica
tubing purchased from Polymicro Technologies (Phoenix, AZ, USA). Capillary dimensions were 50 um
id x 60.6 cm (detection length 50 cm). Prior to first use, bare fused-silica capillaries were activated by
successive flushes: 1 M NaOH, 0.1 M NaOH and deionized water for 5 min each under 20 psi. Between
each run, the capillary was rinsed by successive flushes: 0.1 M MOH, deionized water and BGE for 1
min each under the aforementioned pressure. For the mobility measurements, successive hydrodynamic
injections were performed in the following order: neutral marker (0.2 psi, 2 s), BGE (0.2 psi, 2 s), HS
sample (0.2 psi, 5 s), BGE (0.2 psi, 2 s). Separations were achieved by using the capillary short effective
length (10.6 cm) and applying a 10 kV voltage. For the TDA measurements, the inlet end of the capillary
was transferred into the vial containing the HS sample and a mobilization pressure of 6 psi was applied
for 3 min across the capillary previously filled with BGE, thus allowing recording concentration fronts
(50 cm effective length to the detector). The temperature of the coolant liquid was set at 25 °C. The
detection wavelength for the EOF marker and HS were 200 and 254 nm, respectively.

2.5. Dynamic light scattering (DLS) apparatus and measurements

DLS measurements were performed with a Nano ZS Zetasizer (Malvern Instrument, Worcestershire,
UK) operating with a He—Ne laser at a wavelength of 633 nm to independently determine the average
diffusion coefficients and hydrodynamic radii of HS samples. The detection optics positioned at 173°
measures the back-scattered intensity. Measurement settings (duration, position, attenuator...) are
automatically adjusted to accommodate the measurement quality requirements so that the count rates
ranged from 138 to 212 kcps. HS solutions were analysed as prepared for the CE measurements. The
samples were characterized in polystyrene disposable cuvettes (Sarstedt AG & Co., Nimbrecht,
Germany) and maintained at 25 °C throughout the measurements.

2.6. pH measurements

The pH measurements were performed using a S20 SevenEasy pH Meter (Mettler Toledo, Columbus,
OH, USA) equipped with a combined pH electrode (InLab Micro, Mettler Toledo). The pH probe was



calibrated using high-precision pH buffers (pH 4.00, 7.00, and 10.00) obtained from Schott Gerate
(Mainz, Germany).

3. CALCULATION

3.1. Calculation of the HS electrophoretic mobility from the raw data

The broadness and distortion of the HS electrophoretic profile (Figure 1) could make HS
electrophoretic mobility determination difficult. Thus, we decided to calculate an average
electrophoretic mobility from the time at ths (S) the peak centroid (first normalized moment). The
resulting apparent mobility pi'pé) (cm?.V-1.s) of a HS sample can be calculated according to the following
expression,

lvtapp — Ly Lt
HS tCHS vV

@)

where Lq and L; (cm) are the effective length and total length of capillary relative to the detector,
respectively, and V (Volt) the applied separation voltage. The conversion into effective mobility pﬂ;
(cm2.V-1.s1) involves the relation,

eff — ap _ = Ld_Lt L _ i (2)
HHs = HHs = Heof = tﬁ ] teof
in which
_La Lt
Ueof = teof V (3)

is the electroosmotic mobility of the buffer system employed, obtained from the migration time teor (S)
of a neutral molecule (N,N-dimethylformamide).
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Figure 1: Electrophoretic profile at three different wavelengths of the IHSS reference SRHA 11,

0.5g.Ltin a4 mM Na2COs/CO2(g) buffer (I = 10 mM), pH 10. Experimental conditions: fused-

silica capillary, 50 pum id x 60.6 cm (detection length 10.6 cm); sample hydrodynamic injection 2
nL; applied voltage 10 kV; temperature 25 °C; detection wavelengths 200, 214, and 254 nm. The
plot of the homothetic transformation of the signal retrieved at 254 nm represents one out of ten
points.

3.2. Calculation of the HS diffusion coefficient and hydrodynamic radius from the raw data

The theoretical background of TDA is provided in more details elsewhere [58]. In this chapter, we
will only remind the analytical solution (Eqg. 4) of the convection-diffusion equation in the case of a front
concentration profile,

C 1 1 t—1r
:=§+§erf[ } 4)

where C is the mean solute concentration across the cross section of the tube monitored as a function
of time at a fixed position along the tube axis, "Co is the concentration of the front, tr is the mean
residence time — the time it takes to the solute which moves with the mean velocity of the fluid, u, to
reach the detector located at a distance Lg from the inlet of the tube —, and o2 is the temporal variance of
the elution profile related to the dispersion coefficient, k, by

K tr
=27 ()



Extending Taylor’s theory, Aris [66] gave the following analytical expression for the dispersion
coefficient k,
2
Rc u?
48 D (6)

k=D+

where Rc is the tube radius.
2 9

Rcu
When D << 4§ D the analyte diffusion coefficient can be determined combining Eqs 5 and 6:

Re
= 24—02tR (7

D

Thus the diffusion coefficient can be directly determined from tr and o2 by solving Eq 7 for D; tr
and o being obtained by fitting Eq 4 to the UV detector signal at 254 nm. Subsequently, HS
hydrodynamic radius may be calculated from the Stokes-Einstein equation,

ke T

D:6nnRH 8)

where kgT is the thermal energy, n is the fluid viscosity, and Ry is the Stokes radius of the solute,
respectively.

4. RESULTS

In this study, we were mainly interested in three HS samples: the Purified Aldrich Humic Acid
(PAHA) and two samples from the IHSS originating from the Suwannee River (GA, USA): a humic
(SRHA I1) and a fulvic (SRFA 1I) acid.

4.1. Electrophoretic mobility measurements

Mobility measurements were performed in fused capillaries so that high magnitude cathodic EOF
were generated in alkaline carbonate buffers, pH 10. As for the HS samples, they are anionic in nature
and thus migrated in a counter-electroosmotic mode. Nevertheless, under experimental conditions, their
effective electrophoretic mobility, ui.f; remained smaller (in absolute value) than the electroosmotic
mobility, Heos, SO that they could be detected in the same run as the EOF marker. Alkali carbonate buffers,
pH 10, were used because no interaction between the co-ion and our analytes were to be expected [26].
Moreover, as HS are known to undergo sorption on silica surfaces up to pH 6.5 [67], separation
electrolytes were chosen to induce a sufficiently high pH for the HS sorption onto the capillary wall to
be negligible thanks to repulsive electrostatic forces. Under these conditions broad electrophoretic
profiles (Figure 1) characteristic of heterogeneous samples presenting a wide distribution of size and
charge states were observed.



One of the questions arising from using separative techniques is the modification or fractionation of
humic substances throughout the analytical run [1] or during a physico chemical process [25,68-71]. The
implementation of a DAD allowed monitoring the electrophoretic profiles at different wavelengths (200,
214 and 254 nm) specific of functional groups in the HS molecule. As evidenced by the perfect
superimposition of the signal retrieved at 200 nm to the one retrieved at 254 nm after homothetic
transformation (one out of ten points), the ratio between the different wavelengths was kept constant
throughout the separation step (Figure 1). Hence, there is a strong indication that no structural
modification of HS occurred during the separation by capillary electrophoresis [25,68,70,71].

Electrophoretic mobility measurements were first performed in sodium carbonate buffers, pH 10, at
I ranging from 5 to 250 mM. Under these conditions, we evidenced a significant decrease of the
electrophoretic mobility of the 3 HS samples when increasing | (Figure 2): i) from -51.6 10° cm2.V1.s?
(RSD 8.1 %, n=3)t0-32.6 10° cm2.V1s? (RSD 6.8 %, n=3), i.e. of 36.8 % for the PAHA sample over
an increasing | from 5 to 250 mM; ii) from -49.5 10° cm2V1s! (RSD 8.5 %, n = 3) to -28.7 10°
cm?.V1st (RSD 0.4 %, n=3), i.e. of 42 % for the SRHA Il sample over an increasing | from 5 to 250
mM; iii) from -49.6 10° cm?.V-1.s? (RSD 4.1 %, n = 3) to -31.8 10° cm2.V-1.s (RSD 0.6 %, n=3), i.e.
of 35.9 % for the SRFA Il sample over an increasing | from 5 to 200 mM.

If we now consider the influence of the BGE counter-ion nature, in alkali carbonate buffers, pH 10,
for various [M*] in the range 0.8-40 mM (Figure 3), we observed a monotonous increase, in absolute
value, in the electrophoretic mobility of all of the three HS samples going from Li* to Cs* within the
alkali-metal series. This relative difference between HS effective mobilities measured in lithium and
cesium carbonate buffers is enhanced with increasing metal ion concentrations ranging from 4.2-6.6 %
at 8 mM to over 10 % at 40 mM, depending on the HS sample nature. Results obtained at metal ion
concentrations lower than 4 mM will be discarded in further modeling because of noticeably high
measurement uncertainties (RSD values up to 12 %, n = 4) due to a poor buffering capacity of the
separation electrolytes.
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ACs*) concentration in the range 0.8-40 mM. Dashed black lines are curves fitted to Eq. 11 (r2>
0.983). Experimental conditions: see Figure 1.
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4.2. Hydrodynamic radii estimation

4.2.1. Taylor dispersion analysis (TDA)

The coupling of CE with TDA was used to determine the average diffusion coefficient (D) of the
three HS. The non-linear least square fittings of Eq 4 for the front concentration profiles of mono-modal
D distributions were performed between 1.1 and 1.7 min with the Solver from Microsoft Excel. The
uncertainties on the fitting parameters were calculated using the SolverAid Macro from de Levie [72].
Given the high number of experimental points in the profiles, the fittings of Eq 4 seemed rather satisfying
giving determination coefficient (r?) values higher than 0.999. Nevertheless, the visual inspection of the
concentration profiles characteristic of PAHA samples evidenced that Eq 4 did not entirely describe the
experimental points (Figure 4.A, and insert), especially at the edges of the jump. The fitting was
noticeably improved (r?, but more interestingly the F parameter) by considering a bimodal D distribution
arising from a mixture of two different mono-modal D distributions characterized by identical residence
time (tr) but different temporal variances (o1 and o2) and proportions (x: and x2= 1- x1), as can be seen
from Figure 4.A on going from the dotted to the solid adjustment curve for the front concentration profile
of PAHA solubilized in a 20 mM Na2CO3/CO>(g) buffer (I = 50 mM), pH 10. It is noteworthy that the
correlation matrices did not evidence too high correlations between the parameters for each fitting of a
PAHA front concentration profile, the maximum correlation being r(xz, o2) < 0.93.

In the case of the SRHA Il (Figure 4.B) and SRFA |1 (Figure 4.C) samples, if a bimodal D distribution
did slightly improve the fittings, the adjustment parameters were getting significantly correlated; r(xu,
o1) and r(xe, o2) over 0.98 for SRHA IlI, and over 0.99 for SRFA II, respectively. Moreover, it is to
emphasize that the statistical parameters (F) for the fitting of SRFA 11 front concentration profiles were
not noticeably different when using a mono- or a bi-modal D distribution.
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Figure 4: Experimental front concentration profiles (open circle, one tenth of the experimental
points are represented for the sake of clarity) of HS samples (4.A- PAHA, 4.B- SRHA 1, 4.C-
SRFA 11) at 0.5 g/L in a 20 mM Na2CO3/CO2(g) buffer (I =50 mM), pH 10. Experimental
conditions, see § 2.4. Dotted and solid black lines are curves fitted to the analytical solution to the
convection-diffusion equation (Eqg. 4) assuming a mono-modal or bi-modal D distribution,
respectively.

From the D mean values (derived from the bi-modal distribution) we estimated the equivalent Rn for
the all three HS samples using the Stokes-Einstein equation. This relies on the assumption that the
objects characterized here can be considered as impermeable spheres [13]. The Ry estimated in sodium
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carbonate buffers, pH 10, are represented in a log-log scale as a function of the electrolyte ionic strength
in the range 1 to 250 mM on Figure 5. In this domain, no significant change in Ry could be measured
using the TDA that is to say that no ionic strength-induced aggregation could be evidenced for these
objects in sodium carbonate buffers, pH 10.
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Figure 5: TDA-derived Ru values and distributions for the HS samples as a function of ionic
strength in (i) 1-250 mM sodium carbonate buffers, pH 10 (O PAHA, & SRHA 11, O SRFA I11);
(ii) 1-50 mM cesium carbonate buffers, pH 10 (X PAHA). Full and open symbols represent the
largest and smallest entities characterized in each bimodal distribution, respectively.
Experimental conditions, see § 2.4.

Concerning the estimated Ry values and distributions reported in Table 2, one can highlight that
PAHA is mainly composed (89 %) of entities of 0.97 nm. This population coexists with a minor
population (11 %) of 10 times larger objects, which may be supramolecular objects. As for the SRHA 11
and SRFA Il samples, the fitting procedures gave quite comparable weight to the two modes with minor
mean radii of 0.74 and 0.62 nm, and major mean radii of 1.87 and 1.58, respectively. Assuming that the
smallest detected entities represent the “hypothetical” single molecule, we found that the aggregation
taking place could have resulted in the formation of di- or trimers. Nevertheless, we can discuss the
choice of a bimodal size distribution as the two-estimated Ry mean values are not different enough for
the two modes to be resolved, given their intrinsic polydispersity. In this case, the consideration of a
wide monomodal size distribution may have more physical meaning and the resulting estimated mean
Rn values are reported in Table 2.

The same study was performed for an ionic strength ranging from 1 to 50 mM in carbonate buffers,
pH 10, prepared with a variety of univalent cations chosen within the alkali-metal series. For the sake of
clarity, we only superimposed on Figure 5 the experimental points resulting from measurements
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performed on PAHA samples in cesium carbonate buffers. Thus, we clearly evidenced that the nature of
the alkali-metal counter-ion did not significantly influence the value of the estimated R.

4.2.2. DLS

The z-average (intensity weighted average) hydrodynamic radius of HS samples was independently
estimated by dynamic light scattering (DLS) in sodium carbonate buffers, pH 10. The main limitation
of DLS in relation to the present work is that, because the refractive index and basic geometry of our
samples is unknown, DLS is not able to deal with their polydispersity in order to produce their size
distribution profile. Despite the bias due to both polydispersity and shape, z-average Rn values can still
be used as qualitative information on aggregative processes [73].

No satisfying measurements could be performed on SRFA Il samples at a concentration of 0.5 g.L ™.
It is also worth noting that measurements performed on SRHA Il samples of identical concentration (i)
suffered of a noticeable lack of reproducibility (4.5 % <RSD < 35.4 %), and (ii) did not meet data quality
criteria for cumulant analysis. This may be attributed to the weak scattering properties of these two HS,
as well as to their polydisperse and poorly cohesive nature comparing with PAHA, the measurement of
which give rise to a far greater stability (RSD < 2.1 %). The z-average Rn values estimated in sodium
carbonate buffers, pH 10, were about 109 + 4.2 and 126 + 33 nm (weighted average and standard
deviations) for the PAHA and SRHA Il samples, respectively. As can be seen on Figure 6, there were
no detectable dependence of the z-average Ry on the electrolyte ionic strength in the range 1 to 50 mM.
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Figure 6: DLS-derived z-average Rr values for the HS samples (B PAHA, & SRHA 1) as a
function of ionic strength (1-50 mM) in sodium carbonate buffers, pH 10. Experimental
conditions, see 8 2.5.
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5. DISCUSSION

5.1. Comparison between Ru values derived from TDA and DLS

Although the z-average Ry obtained in this study lie in the range of values (60-500 nm) previously
reported in the literature for the DLS characterization of HS size [6,9-11], they are 2 orders of magnitude
larger than the weight-average hydrodynamic radii obtained by TDA for a mass concentration-sensitive
detector (UV). This contradiction is only apparent knowing the two techniques do not probe the same
volume. Actually, the z-average value gives larger weight to the slowly diffusing entities. Thus in DLS,
large-sized objects present in the sample will mask the presence of the low molecular weight compounds
due to the Ru® dependence of scattered light intensity on equivalent particle hydrodynamic radius.
Therefore, in the two systems under comparison here (PAHA and SRHA 11), it is consistent that 100
nm-sized objects, although a minority (less than 1%o.), could be evidenced using DLS but not by TDA.

This duality seems inherent to the techniques used for HS characterization. Besides TDA, nanometer-
sized entities have already been proposed for different HS extracts in AFM [2] and flow field flow
fractionation (FFFF) [3,74]. The analyses of surface tension experiments using the Gibbs equation also
end up in nanometer-sized entities at the water-air interface [75,76]. However, small angle neutron
(SANS) or X ray (SAXS) scattering of HS shows that fractal aggregates exist between ca. 1 and 200 nm
[4-7]. Hence, it seems that the particles observed in DLS and in TDA are different HS-entities. DLS,
due to its Rﬁ dependence, apparently probes the larger entities, whereas TDA probes the smaller-sized
entities.

Another complementary explanation may be that under DLS measurement conditions, HS samples
are only submitted to their Brownian motion and heterogeneous single nanometric entities may self-
assemble so that large-scale fractal supramolecular structures could be evidenced. Nevertheless, such
structures only stabilized by weak forces may dissociate when set into motion under a Poiseuille flow,
which can account for the shift in average size range observed in TDA. One may also note that size
determination of HS in FFFF, which is also setting HS into motion, ends up in nanometer-sized entities
[3,74]. The larger z-average Rn values and temporal instability of measurements (four consecutive runs)
resulting from the SRHA 1l sample characterization by DLS would then be consistent with a poorly
cohesive nature compared to PAHA.

5.2. Influence of the electrolyte ionic strength

Varying the ionic strength of the alkali carbonate buffers, pH 10, we did not observe any effect on
Ru, which allow attributing the concomitant decrease in measured effective mobility to a charge
screening effect. In an attempt to describe the mobility dependence of HS on the BGE ionic strength we
first resorted to the models proposed by Wiersema et al. [77] and O'Brien and White [78] but we
evidenced the limit in modelling the electrokinetics of humic particles when viewed as hard spheres.
Actually, these models concern rigid colloidal particles with a homogeneous surface charge distribution,
which is physically inappropriate in the case of HS. The present work, the only purpose of modelling
HS as hard spheres was to estimate their equivalent hydrodynamic radius and by the same their ionic
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size parameter as a required input data for further analytic model when interpreting their electrophoretic
mobility dependence on electrolyte ionic strength. Second, we considered the electrokinetic model for a
diffuse soft particle, i.e. a spherical core/polymeric shell particle, taking into account the possibility of
an inhomogeneous distribution of the hydrodynamically fixed and partially dissociated ionogenic groups
within the polyelectrolyte layer, as proposed by Duval et al. [39]. Thus, the later authors succeeded in
giving a quantitative interpretation of the electrophoretic mobilities of HS by numerical evaluation of
the relevant electrostatic and transport equations. A key parameter in their model is the softness
parameter, which characterizes the degree of flow penetration (permeability) to liquid flow of soft
particles. The typical hydrodynamic penetration length found for humic particles is the order of
magnitude of one third of their hydrodynamic radius, which in our case would range about 0.3 nm, the
order of magnitude of the molecular diameter of a water molecule or the hydrated radius of an alkali-
counter ion. From this point of view, the relevance of the diffuse soft particle model seems questionable
when applied to entities as small as those evidenced here, the size of which is nearly comparable to the
one of the electrolyte counter-ions. Eventually, we used the extended Onsager model (Eg. 9) that may
appear much too simplistic to explain the mobility dependence of HS on the BGE ionic strength, but has
already proved to be well suited to describe the electrophoretic behavior of organic polyacids (aliphatic
and aromatic carboxylic and sulfonic acids as well as phenols) of charge number ranging from -1 to -6
and size parameter values up to 0.73 nm [79,80] which is the order of magnitude of the equivalent
hydrodynamic radius of the single nanometric entities evidenced here using TDA. Besides, the extended
Onsager model is valid up to I = 100 mM, compatible with CE experimental conditions, and takes into
account the ionic size of the analyte [79],

L )

Huys = HI(:S o (}«l&s Bl Zy+ |ZHS| ﬁ\ﬁ + |ZHS| 82) X 1+B Ia \/_|

where MOHS and z,,5 are the HS limiting mobility and charge number, a is the ionic size parameter (shortest
distance between the analyte and the counter-ion centers), z,,. is the alkali metal cation charge number,
g is a parameter that depends on the charge numbers and limiting mobilities of the two ionic species,
and B, B1 and B are constants equal to 3.30 x 10° m™.dm*®°.mol®, 0.79 dm!®.mol®® and 31.88 x 10°°
m2.V1.st.dm®.mol®3 respectively, when calculated for aqueous solutions at 25 °C.

The plot of measured HS mobility values versus the Debye-Hiickel parameter \ﬁ /(1+B a\ﬁ) is
shown on Figure 7 for the three HS samples in carbonate buffers, pH 10, prepared with a variety of
univalent cations chosen within the alkali-metal series (M* = Li*, Na*, K*, Cs™). They display a good
linearity in the I-range from 1 to 50 mM. To do so, TDA derived average Ry values of 1.32, 1.20 and
0.88 nm were assimilated to the ionic size parameter a (Eq. 9) of the PAHA, SRHA Il and SRFA Il
samples, respectively. Regression analysis of the measured HS mobility values (Figure 7, dashed black
lines) to Eq. 9 allowed estimation of the three adjustment parameters uOHS, zns and g. The estimated pOHS
and zns values are reported in Table 3. As the parameters zus and q are highly correlated, it does not
seem reasonable to propose an estimate of their standard deviation. Nevertheless, we calculated the RSD
of the slope of the linear regressions that ranged between 1.6 and 6.1 %.

17



The estimated ionic charges zns are of the same order of magnitude for the all three HS samples and
range from 4.6 to 4.8. In order to validate these estimated values, and thus the use of the extended
Onsager model to describe the electrophoretic behavior of HS fractions, we aimed to recalculate the total
acidity of the HS under study, which can be experimentally measured and is already widely reported in
the literature [81,82]. Nevertheless, this approach requires the knowledge of HS molecular weights,
which raises another debate [83]. Considering the intrinsic heterogeneity of the HS samples as well as
the bias inherent to each characterization technique, the number-averaged molecular weight of aquatic
HA and FA fractions could be estimated ranging between 873 and 1630 g.mol, and 441 and 1360 g.mol
! respectively, the lowest values emanating from ESI-MS measurements and the highest from HPSEC
ones [22-25,84-87]. The resulting estimates of HS total acidity, at pH 10, range between 2.9-5.5, 2.8-
5.3, and 3.4-10.4 meq.g* for PAHA, SRHA II, and SRFA 1l samples, respectively, which are rather
broad estimates because of the uncertainty on the molecular weight determination but encompass the
values emanating from titration experiments [81,82]: about 4-4.5, 5-5.5 and 6.5-7 meq.g™* for PAHA,
SRHA 11, and SRFA 1l samples, respectively.
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Figure 7: Electrophoretic mobilities of HS samples (7.A- PAHA, 7.B- SRHA 1l, 7.C- SRFA I1) as
a function of\ﬁ /(1+B a\ﬁ) in carbonate buffers, pH 10, prepared with a variety of univalent
cations chosen within the alkali-metal series (®Li*, O Na*, mK*, ACs*). Dashed black lines are
curves fitted to Eq. 9 (r* > 0.972). Experimental conditions: see Figure 1.
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5.3. Influence of the electrolyte alkali counter-ion nature

As shown on Figure 3, the choice of the counter-ion has a significant effect on the electrophoretic
mobility of the HS: measured mobility increases in absolute value in the order Li* < Na* < K* < Cs™.
Actually, one would expect a reversed order. Indeed, as the absolute ionic mobility (at infinite dilution)
of these alkali-metal cations increases from Li* to Cs, the cationic environment around the anionic HS
would yield enhanced relaxation effect and, consequently, a diminished electrophoretic mobility of the
HS [88].

Nevertheless, a second force exerted on the HS and caused by their ionic atmosphere is to be
considered: the flow of solvent in the vicinity of HS resulting from the counter-ion migration in the
opposite direction to that of the anionic analytes generates a retarding force known as the electrophoretic
retardation. The ion micro-viscosity of common mono-atomic cations such as the alkali-metals was
considered by Mauerhofer et al. [89]. Thus, ions with low charge density — in our case K* and Cs™ — are
described as “structure breakers”, or chaotropes [90], as the structure of the water in their vicinity appears
more disordered than in the bulk solvent, which explains their abnormally high ionic mobility. By
comparison, ions with a high charge density — in our case Li* and Na* — are described as “structure
makers”, or kosmotropes [90], as they induce a gain of order for the water molecules in their vicinity. In
this context, the friction force exerted on the HS by the solvent flow should be at its greatest magnitude
when induced by the Li* migration comparing with the other alkali-metal cations. In the balance of forces
to which are submitted the HS, if the electrophoretic retardation prevails on the relaxation effect, we
should expect the HS electrophoretic mobility to increase in absolute value in the order Li* < Na" < K*
< Cs", as observed experimentally.

As we already evidenced that the type of counter-ion did not influence the size parameter, we could
also explain the observed increase in measured electrophoretic mobility by a decrease in ion association
between HS and the BGE counter-ion on going from the Li* to the Cs* in the alkali-metal series. The
greater impact of Li* on anionic analyte mobility was already observed in the literature for carboxylate
and sulfonate [80,88] as well as for carbonate complexes of lanthanide(lll) [91]. Since the Onsager
model is based entirely on electrostatic theories, it cannot describe properly a system in which specific
interactions such as ion association between analytes and BGE constituents take place. For the sake of
simplicity, a 1:1 interaction model between an alkali-metal cation M* and the anionic analyte HS* of
effective charge z is applied here to extract interaction information from our series of electropherograms.
The equilibrium and association constant are as follows.

_ [M*Hs"]

+ - — Nt z- -
M™ + HS” = M™.HS K [I\/I+] [HSZ’]

(10)

Thus, the apparent electrophoretic mobility of the considered HS in the presence of ion association is
given by,
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1 K|M+|

Mg = W Huse T 1+K[M] KM Hs@v- (11)

where pyse and pypsen- are the electrophoretic mobility of the unassociated and associated HS,
respectively.

The electrophoretic mobilities of the three HS samples measured in carbonate buffers, pH 10, is
represented on Figure 3 as a function of the alkali-metal counter-ion (Li*, Na*, K*, Cs") concentration
in the range 0.8-40 mM. Non-linear least square regression analyses (Figure 3, dashed black lines) to Eq
11 allowed estimation of the three adjustment parameters pps=, HUmns- and K. The estimated logioK
values are reported for the all three HS sample in Table 4. They range from 1.6 to 1.8 for PAHA and are
slightly higher for SRHA Il and SRFA Il (between 1.9 and 2.1) probably because of their higher charge
density. It is to emphasize here that the stability constants for alkali-metal organic complexes are scarce
in the literature. Nevertheless, the ones tabulated by Martell and Smith [92] for carboxylates consistently
show association slightly increasing from Cs* to Li*, with logioK ranging from 0.8 to 0.3 for a citrate
anion in a solution of 0.1 M ionic strength at 25 °C. For the case of a real polyelectrolyte, the polyacrylic
acid, Gregor and Frederick [93] also evidenced an increasing interaction from K* to Li".

6. CONCLUDING REMARKS

In the end, CE appears as an efficient tool for the characterization of HS samples under environmental
conditions. It allows estimating structural parameters such as size and charge as well as highlighting of
weak but specific interactions with BGE. This technique adds another insight into HS nature and
provides significant evidence to support the concept of HS as collections of diverse low-molecular mass
entities. Nevertheless, this raises the problem inherent to the technique used for HS characterization.
Thus, one should remain critical on measurement scaling and measurement conditions that may be
denaturing to the analyte.

An influence of the electrolyte ionic strength on the HS electrophoretic mobility was evidenced. The
extent of decreasing HS mobility when increasing electrolyte ionic strength was well described by the
extended Onsager model, which accounts for the ionic size parameter and allows estimation of the HS
ionic charge in the zns range from 4.6 to 4.8. Problem arising from the estimation of the distance of
closest approach between ion and counter-ion for these a priori asymmetric analytes was bypassed using
TDA for the estimation of HS equivalent hydrodynamic radii, which ranged between 0.88 and 1.32 nm.

An influence of the alkali-metal cation nature on the HS electrophoretic mobility was evidenced. The
greater decrease in HS electrophoretic mobility observed in the presence of lithium was unexpected but
may be explained by an increasing ion micro-viscosity on going from Cs* to Li* or may indicate weak
specific ion-ion interactions (logioK about 2).
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