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ABSTRACT: Proton and copper (Cu) binding to soil and
lignite-based humic acid (HA) was investigated by combining
X-ray absorption fine structure (XAFS) spectroscopy,
isothermal titration calorimetry (ITC), and nonideal-com-
petitive-adsorption (NICA) modeling. NICA model calcu-
lations and XAFS results showed that bidentate and
monodentate complexation occurred for Cu binding to HA.
The site-type-specific thermodynamic parameters obtained by
combining ITC measurements and NICA calculations revealed
that copper binding to deprotonated carboxylic-type sites was
entropically driven and that to deprotonated phenolic-type
sites was driven by entropy and enthalpy. Copper binding to
HA largely depended on the site-type and coordination
environment, but the thermodynamic binding mechanisms for
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Cu binding to the specific site-types were similar for the different HAs studied. By comparing the site-type-specific
thermodynamic parameters of HA—Cu complexation with those of low molar mass organic acids, the Cu coordination could be
further specified. Bidentate carboxylic—Cu complexes made the dominating contributions to Cu binding to HA. The present
study not only yields molecular-scale mechanisms of ion binding to carboxylic- and phenolic-type sites of HA but also provides
the new insight that the universal nature of site-type-specific thermodynamic data enables quantitative estimation of the binding

structures of heavy metal ions to humic substances.

1. INTRODUCTION

Humic substances (HS) represent on average 70%—80% of the
natural organic matter and play a key role in regulating metal
ion speciation because of their strong affinity for metal ions."
The most important components of HS in relation to ion
binding are fulvic acid (FA) and humic acid (HA); FA and HA
are operationally defined natural organic particles that differ in
size and solubility, but both contain various types of acidic
functional groups that can interact with protons and metal
ions.”” Due to the important role of HS in controlling the
bioavailability of metal ions in nature, metal ion—HS systems
have been extensively investigated, see for example, refs 2 and
4—6.

Metal ion binding to HS and the metal ion chemical
speciation can be best described by models that take the site
heterogeneity, site competition, and electrostatic interactions
explicitly into account; in this way, the binding parameters are
intrinsic properties independent of the solution conditions.
Model V/VI/VII’™" and the nonideal-competitive-adsorption
(NICA)—Donnan model'”"" address these aspects.'”””"* An
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advantage of the NICA—Donnan model is that the final result is
an analytical binding equation that can be applied relatively
easily to measured data sets using standard software.'>~® Once
the NICA—Donnan model parameters are known, practical
insight into metal ion binding under various conditions can be
obtained by direct calculations' and/or by using conditional
affinity spectra.”~>* A further advantage of the NICA—Donnan
model is that for specific solution conditions the binding
equation can be easily simplified.”> For instance, at constant
high ionic strength, the electrostatic interactions are relatively
weak, so that no electrostatic model is required and the NICA—
Donnan model reduces to the NICA model. The remaining
weak electrostatic interactions are in this case incorporated as
pseudo-heterogeneity in the affinity distribution that are now
semi-intrinsic, i.e.,, NICA applies at the given ionic strength, but
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the heavy metal ion speciation as a function of the pH can be
calculated. Working at relatively high ionic strength in the form
of a 1—1 background electrolyte has the further advantage that
the diffuse ion binding is dominated by the 1—1 electrolyte, so
that the diffuse heavy metal ion binding can be neglected.

The combination of measured adsorption isotherms and
modeling efforts should preferably be complemented with
further experimental evidence on the metal ion binding to
improve and/or verify the modeling results. Such evidence can
be achieved with various techniques, for instance, *C NMR
spectrosco y,24 fluorescence spectroscopy,zs’26 IR-ATR spec-
troscopy,2 X-ray absorption fine structure (XAFS) spectros-
copy,® or isothermal titration calorimetry (ITC).””*" In the
present study, NICA modeling of proton and copper binding to
a soil HA and a lignite-based HA is complemented with XAFS
and ITC measurements. XAFS provides the averaged
coordination environment of metal ions at relatively high
metal loadings. ITC measurements in combination with
adsorption isotherm data and NICA modeling provide the
site-type-specific (either carboxylic site-type or phenolic site-type)
thermodynamic characteristics of proton and metal ion binding
to HA. The measurements are carried out at relatively high
ionic strength (0.1 mol/L) to suppress the electrostatic
interactions. This has the advantage that (i) the NICA model
can be used (see above), (ii) a direct comparison can be made
between the NICA and the ITC results, and (iii) it allows
comparison of the derived thermodynamic parameters with
those of low molar mass organic acids.

Thermodynamic characteristics of Cu binding to HA samples
of different origins have been investigated before,””~*’ but only
the average thermodynamic parameters of the overall binding
could be obtained, and this thwarts the interpretation because
averages of ion binding characteristics over two different site-
types (carboxylic and phenolic) were obtained. For a deeper
insight into H* and Cu®" binding to heterogeneous HA, site-
type-specific information is essential and this can be obtained by
using the calibrated NICA model. The site-type-specific average
molar enthalpies (AH;), Gibbs energies (AG)), and entropies
(AS) of H" and Cu® binding to sites of type j provide
information on the interactions that drive the ion binding to the
specific site-types and give insight into the intrinsic differences
in ion binding to the carboxylic- and phenolic-type sites; they
therefore contribute to a better understanding of the binding.

The objectives of the present study are 4-fold: (1) To
investigate the coordination environment of Cu binding to HA
by XAFS and to compare the spectroscopic results with the
(material-specific) stoichiometry indicators obtained with the
NICA model. (2) To obtain the site-type-specific thermody-
namic quantities (AG;, AH,, AS,) of proton and copper binding
to HA by combining the ITC results with the speciation
calculated with the calibrated NICA model. (3) To use the site-
type-specific molar enthalpies and entropies to gain insight into
the driving forces for proton and Cu binding to HA. (4) To
compare the site-type-specific thermodynamic parameters of
proton and copper binding to HA with those of low molar mass
organic acids containing carboxylic and phenolic groups and to
determine which structure types (combinations of sites) may be
responsible for Cu binding.

2. MATERIALS AND METHODS

2.1. Preparation of HA. Soil HA was extracted from the
upper horizon of a brown soil (Alfisols) in Tonghua, Jilin
province (N 41°30’, E 125°55’) in China and marked as JLHA.
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It was isolated and purified following the standard procedure of
the International Humic Substances Society.”” Aldrich humic
acid (CAS 6813-04-4) purified by the method described by
Vermeer et al.®>' and denoted as PAHA was used for
comparison. Stock solutions of 2 g/L were prepared at pH
>10 with KOH and equilibrated for 24 h and then stored in the
dark at 4 °C. Characterization of the two samples and proton
and copper binding have been described in detail in previous
studies.””*” For the present purpose, the data were refitted with
the NICA model, and the resulting fits and parameters, as well
as the model description, are shown in the Supporting
Information (SI, Table S1 and Figures S1—S3).

2.2. X-ray Absorption Fine Structure (XAFS) Spectros-
copy. The HA—Cu samples were prepared at pH 6.0 and high
Cu concentrations; a high bound amount was selected in order
to obtain reliable XAFS information. Copper K-edge X-ray
absorption spectra of the HA—Cu samples and reference
materials [CuO powder and 0.01 mol/L Cu(NOj;), solution]
were measured at room temperature on the IWI1B beamline at
the Beijing Synchrotron Radiation Facility (BSRF). The XAFS
spectra for HA—Cu samples and the 0.01 mol/L Cu(NOs;),
solution were collected using the fluorescence mode; the CuO
powder was measured in the transmission mode. The detailed
process of sample preparation and data collection is presented
in the SL

The EXAFS spectra were analyzed using the IFEFFIT
software package.” In the data reduction step, replicate spectra
were aligned to a common energy scale and averaged. From
each average spectrum, a polynomial pre-edge function was
subtracted, and the data were normalized. In extracting the y(k)
function, the XAFS signal was isolated from the absorption
edge background by using a fit to a cubic spline function. The
k*-weighted y(k) function was then Fourier transformed over
the interval 2.9—12.2 A to yield the radial structure function
(RSF). Data fitting was done in R space with a multishell fitting
routine. The theoretical scattering phases and amplitudes used
in data analysis were calculated with the FEFF 7.0 code,” usin%
an input file based on a structural model of Cu(II)—phthalate.*
The amplitude reduction factor (S,*) was determined to be
0.75, based on the fit of the CuO spectral data. With the
analysis, the atomic separation distance (R), the coordination
number (CN), and the Debye—Waller factor (¢*) of the atom
backscatters were obtained.

2.3. Isothermal Titration Calorimetry (ITC). The heats of
proton and Cu binding to HA were measured using a TAM III
(Thermometric AB) isothermal microcalorimeter and titrating
protons or Cu ions into a HA solution. Prior to a titration, the
HA solution was purged with N, gas to remove possible CO,.
All titrations were carried out at 25 °C under stirring at a rate of
120 rpm. For each proton and copper titration, an analogous
titration was performed outside the calorimeter in which the
pH was monitored using a combined pH-reference electrode
(Metrohm, 6.0262.100). With the protonation experiments, 0.7
mL of 0.8 g/L HA in 0.1 mol/L KNO; was titrated by 20
injections of 10 pL of 0.028 mol/L HNOj; the acid
concentration was calibrated with sodium carbonate. The
addition rate at each injection was 1 yL/s and the time interval
between the injections was 10 min. The initial pH of the HA
solution was about 10, and the final pH of the titration was
around 3. In the Cu titration experiments, 25 sequential doses
of 10 uL of S mM Cu(NO;), were added into 0.7 mL of 0.8 g/
L HA solution at an initial pH of 4.0 or 5.0. The pH was
adjusted to the desired pH,, (init: initial) values by the
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Figure 1. k>Weighted (a) and Fourier-transformed (b) EXAFS data (uncorrected for phase shifts) for 0.01 mol/L aqueous Cu(NO;), and for Cu
binding to JLHA and PAHA at pH 6.0. Black solid lines represent experimental data and red dashed lines the best fit of the data.

addition of 0.025 mol/L HNO; or 0.025 mol/L KOH. For each
titration, the output signal, power (4W) versus time (s), was
recorded by the TAM assistant software. Each injection of
titrant leads to a peak in the signal and the heat (uJ) per
injection was obtained by integrating the area under each peak.

The net heat of binding at the xth injection of titrant (Q})
was obtained by subtracting the background heat (Q}) that was
measured with the blank (b) titration, from the experimentally
measured heat (QS®):

QU= -Q, (1)

With the proton titration, the heat of acid—base neutraliza-
tion was also calculated from the measured pH change for each
step of the titration at alkaline condition and was included in
Q". The enthalpy of this reaction was estimated by Gorman-
Lewis et al.*® to be —56.48 kJ/mol. For the calculation of
average molar enthalpies of H or Cu binding to the site-types of
HA, the net heat of interaction has to be complemented with
information on the adsorbed amount and the sites that
participate in the binding.

2.4. Thermodynamic Analysis. With proton binding the
thermodynamic analysis was as follows. With known initial pH,
HA amount, as well as the solution volume and added H at a
given titration step, the equilibrium site-type-specific speciation
(amounts of H bound to the carboxylic- and phenolic-type
sites) at the initial situation and at each step x of the titration
can be calculated with the calibrated NICA model. The
difference in proton speciation between the start of the H-
titration and step x provides the change in proton speciation.
The average molar enthalpy of proton binding, AHyy,, to the
deprotonated site-types, L; (j = 1, carboxylic-type sites; j = 2,
phenolic-type sites), can now be obtained with eq 2

n 2 n
2 Q= 3 Ay Ay o
x=1 2

j=1 x=1
where Any ;. is the change in the total amount of H bound
(mol/kg) to L; after step x of the titration. The molar
enthalpies are average values because both the carboxylic- and
phenolic-type sites are chemically heterogeneous. Taking only
one average value per site-type is a simplification, but in this
way the two site-type-specific molar enthalpies can be
compared with the two (semi)intrinsic affinities. The Angy.
values were used as calculated and the molar enthalpies of H
binding to the groups were optimized by minimizing the
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difference between corrected heats and calculated heats with
the 1stOpt software.

To obtain the site-type-specific average enthalpies of Cu
binding to JLHA and PAHA at pH,; 4.0 and 5.0, the same
procedure was followed as described for the H binding.
However, with Cu binding, analysis of Q} is more complicated
because Qi includes in this case two parts: one due to
dissociation of protons from protonated sites that participate in
the Cu binding (HL]- =L+ H) and the other due to Cu
binding to deprotonated site-types (L; + Cu = CuL; charges
and stoichiometry not indicated). With the above calculated
molar enthalpies of H binding to the two site-types and all the
bound amounts (H and Cu) calculated with the NICA model,
the average molar enthalpies of Cu binding to the deprotonated
site-types can be obtained by fitting the measured (corrected)
heats to the calculated heats using eq 3

n 2 n 2 z
Z Q) - Z Z AHHL,AWHLW:Z Z AHC“L/AnC“LM
x=1

j=1 x=1 =1 x=1
©)

where AH,;; represents the average molar enthalpy of copper
binding to deprotonated sites L; The values of Anyy;, and
Angyy, are the changes in the total amounts of species HL;,
and Cul,, at step x, respectively. Therefore, the values of
Anyy, and Angy, were calculated using the measured pH at
each titration step. The two unknown enthalpies were fitted
with 1stOpt software.

The thermodynamic analysis further requires the calculation
of the site-type-specific average molar Gibbs energies and
entropies. The site-type-specific average molar Gibbs energies
of binding (AG;) can be calculated with eq 4 using the average
equilibrium binding constants, K;

AG]. = —RT In K; (4)
where R is the gas constant and T the absolute temperature.
The averaged equilibrium binding constants for proton and Cu
binding to the carboxylic- and phenolic-type sites can be
approximated by the site-type-specific affinities obtained with
the NICA modeling: K; = k; (peaks of the distribution). The k;
values are close to the average binding constants because the
distribution function is close to symmetrical.

With the known values of AG,, AH;, and T, the site-type-
specific average entropy contributions, TAS;, and the site-type-
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Table 1. EXAFS Fitting Results of Aqueous Cu(NO,), and HA—Cu Complexes

sample atom backscatter R (A)”
Cu(NO;),(aq) Cu-0 1.96
JLHA—Cu Cu-0 1.95

Cu-C 2.81
PAHA—-Cu Cu-0 1.94
Cu-C 2.85

“Atomic separation distance. “Coordination number. “Debye—Waller factor.
which measures the quality of the Fourier-filtered model contribution (x ) with respect to the experimental contribution (x

the fitting routine. The amplitude reduction factor (S,>) was set to 0.75.

CN” o (A)° AE, (V)9 Rf

4 0.004 4.70 0.0006

4 0.003 2.76 0.0004

1.7 0.005

4 0.003 2.84 0.0001

1.9 0.004

dEnergy shift. “Residual fraction = Zk(k3xEXP — Bxead)/ Dk(xa0),
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Figure 2. Amounts of carboxylic-H (solid red spheres), phenolic-H (solid red triangles), and total H bound (solid black squares), see the top panels,
and the cumulative corrected heats (open black squares, bottom panels) as a function of the charge density (eq/kg). The symbols in the bottom

panels are the experimental data and the lines the fitted data.

specific average molar entropies, AS,, can be calculated by using
eq S:

S,

AG;-:AH].—TA]

©)

3. RESULTS

3.1. XAFS Analysis for Cu Binding to HA. The EXAFS
spectra for Cu binding to HA at pH 6.0 in 0.1 mol/L KNO;
and for aqueous Cu(NOj), samples (both in k and R space) are
depicted in Figure 1. The Fourier transforms of the EXAFS
spectra (Figure 1b, uncorrected for phase shifts) of HA—Cu
samples are similar to those of Cu adsorption onto Elliot
HA.””*® Studies of well-defined compounds using EXAFS have
shown that Cu is usually 6-fold-coordinated in the first shell,
with four O atoms (Cu—O,,) at distances of 1.90—1.97 A,
which are positioned in the equatorial plane of a Jahn—Teller
distorted octahedron, and two axial O atoms (Cu—O,,) at
2.15-2.78 A" The Cu—-O0,, distances of the first shell are
somewhat larger for aqueous Cu than for HA—Cu, as the left
vertical dashed line in Figure 1b. The vertical dashed line on the
right in Figure 1b shows the peak position of the second shell
for HA—Cu; this peak is absent for aqueous Cu and
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corresponds with the Cu—C coordination and a Cu—O-C
structure.

To gain insight into the average binding environment of Cu
to HA, the EXAFS spectra are fitted to a Cu—phthalate
structure.” In the fitting routine, the Cu—O,, is disregarded
due to its minimal EXAFS contributions, high disorder, and the
closeness of bond distance to that of the more intense Cu—O,,
backscatterers.”” The coordination numbers (CN) of the first
shell are fixed to 4. The fitted parameters of the HA—Cu
complexes are listed in Table 1. The results demonstrate that
the Cu—O, bonds of the first shell are 1.95 and 1.94 A for
JLHA—Cu and PAHA—Cu, respectively. The second shell is
fitted with 1.7 C atoms at 2.81 A for JLHA—Cu and 1.9 C
atoms at 2.85 A for PAHA—Cu.

3.2. Thermodynamic Parameters for Proton Binding
to HA. The calorimeter responses of the isothermal proton
titrations of background electrolyte and HA solutions are
presented in Figure S4 (SI). After the heat correction with
blank heats, the accumulated heats of proton binding (kJ/kg)
to each HA are obtained and depicted in the bottom panels of
Figure 2 vs the (primary proton) charge density (eq/kg)
calculated with the NICA model at each titration step. Note
that this charge density is directly proportional to the amount
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of bound protons. In the top panels of Figure 2, the
corresponding proton speciation (carboxylic-H and phenolic-
H in mol/kg) calculated with the NICA model is depicted. The
speciation results show that at first the protonation mainly
occurs on the high-affinity phenolic-type sites and then the low-
affinity carboxylic-type sites. The cumulative corrected heats in
the bottom panels of Figure 2 show a sharp increase of the
exothermic heat when mainly the phenolic-type sites are
titrated and a rather weak exothermic heat effect upon the
titration of mainly the carboxylic-type sites. The weak decrease
of the exothermic heat at the end of the titration is due to some
slightly endothermic heat peaks at the last few proton
injections. A detailed fit of the experimental heat data to eq 2
with one average molar enthalpy of proton binding to each site-
type is shown in the bottom panels of Figure 2 by the red
curves. The fitted site-type-specific average molar enthalpies are
collected in Table 2. Both for JLHA and PAHA, the calculated

Table 2. Thermodynamic Parameters for Proton Binding to
HA“

log AGyy, AHy,, TAS,y;,

sample species Ky (kJ/mol) (kJ/mol) (kJ/ mol
JLHA carboxylic-H 4.47 —25.50 0.20 25.70
phenolic-H 9.31 -53.11 —23.61 29.50
PAHA carboxylic-H 4.66 —26.58 0.77 27.35
phenolic-H 9.21 —52.54 —-21.41 31.13

“The log EHL]- values correspond with the affinities of the two peaks of
the proton affinity distribution. AGyy;, AHyy, and ASyy; represent the
average value of Gibbs energy, enthalpy, and entropy of proton
binding to sites of type j, respectively. The R* of the fit to obtain the
enthalpies is 0.987 and 0.994 for proton binding to JLHA and PAHA,
respectively.

site-type-specific average molar enthalpies of proton binding to
the carboxylic-type sites are weakly positive (endothermic) and
those to the phenolic-type sites are relatively strongly negative
(exothermic).

The site-type-specific average molar Gibbs energies of proton
binding (AGHL}-) are calculated using the log EHL}- values; the
results are also collected in Table 2. The calculated AGyy,;
values are all negative (—25.50 to —53.11 kJ/mol) because
proton binding is a spontaneous process. With the known
values of ACHL]- and AHHLj, the values of AgHLj are calculated
with eq 5, as shown in Table 2. The positive ASyy; values
(86.24—104.46 J/mol/K) derived from TA?HL}- (25.70-31.13
kJ/mol) in Table 2 indicate that protonation of the HA site-
types is an entropically favorable process. Decomposing the
Gibbs energy into its enthalpic and entropic contribution allows
a better understanding of why these reactions occur and the
strength of the bonds formed. Two elementary reactions are
included in ion binding to HA: dehydration of ions and HA
ligands (endothermic, positive entropy) and forming carbox-
ylic/phenolic-ion bonds (exothermic, negative entropy).”” The
protonation of carboxylic-type sites is weakly endothermic,
implying that on the whole the negative enthalpy of formation
of carboxylic-H cannot counteract the positive enthalpy of
water loss upon proton association. For proton binding to
phenolic-type sites, the negative enthalpy of formation of
phenolic-H is large enough to make the reaction exothermic.
Positive entropy changes in the dehydration reactions are
always large enough to compensate for the negative entropy
changes of complexation for both carboxylic- and phenolic-type
sites, and the net entropy change of complexation is positive.
Summarizing, the protonation of carboxylic-type sites is driven
by entropy, while both enthalpic and entropic contributions
cause the strong protonation of phenolic-type sites and the
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Figure 3. Comparison of the adsorption and heat characteristics of JLHA and PAHA at initial pH 5.0 in 0.1 mol/L KNO;. The top panels depict the
bound amounts of carboxylic—Cu (solid red spheres), phenolic—Cu (solid red triangles), and total Cu bound (solid black squares) and the bottom
panels the cumulative heat corrected by the heat of background and proton exchange (open black squares) as a function of the total amount of Cu**
bound to JLHA and PAHA. The symbols in the bottom panels are the experimental data; the red lines are data fitted (Fit,) with eq 3. The blue lines
(Fit,) are refined data fitted with eq 3 that are fitted by making a difference between low and high Cu loadings.
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Table 3. Thermodynamic Parameters for Cu’** Binding to Deprotonated HA”

sample pHiie species log ECuLj
JLHA 4.0 carboxylic—Cu 3.82
phenolic—Cu 8.26
S.0 carboxylic—Cu 3.82
phenolic—Cu 8.26
PAHA 4.0 carboxylic—Cu 4.65
phenolic—Cu 8.55
refined carboxylic—Cuy,,, -
phenolic—Cuy,, -
carboxylic—Cuyg, -
phenolic—Cuyg, -
5.0 carboxylic—Cu 4.65
phenolic—Cu 8.5
refined carboxylic—Cuy,, -

phenolic—Cu,,
carboxylic—Cuy;gy
phenolic—Cuyg,

AGg,; (kJ/mol) AHc,; (kJ/mol) TASc; (kJ/mol)

-21.79 8.19 29.98
—47.12 —19.49 27.63
-21.79 8.54 30.33
—47.12 —19.69 2743
—26.53 9.80 36.33
—48.78 -17.57 31.21
- 8.44 -
- —17.44 -
- 12.03 -
- —-1791 -
—26.53 7.12 33.65
—48.78 —17.45 31.33
- 5.92 -
- —17.54 -
- 9.86 -
- -17.29 -

“The AGcy, AHc,, and ASc,; represent the average value of, respectively, Gibbs energy, enthalpy, and entropy of Cu binding to deprotonated
HA sites of type j. The log kc,;; values correspond with affinities of the two peaks in the affinity distribution for Cu. The refined values are the
enthalpies that are fitted with eq 3 by making a difference between low and high Cu loadings. The R? of the fit to obtain the enthalpies is 0.999 for
Cu binding to JLHA at pH,,; 4.0 and 5.0 and 0.977 and 0.848 for Cu binding to PAHA at pH,,;; 4.0 and 5.0, respectively. For the refined fit, R> >

0.961.

higher affinity of proton binding to phenolic-type sites than
carboxylic-type sites.

3.3. Thermodynamic Parameters for Cu Binding to
HA. The power—time curves obtained for the isothermal
titrations of blank and HA solution by the Cu(NO,), solution
are presented in Figure SS (SI). The series of positive peaks
reveals that the addition of Cu to HA solution is endothermic
at pH;,; 4.0 and 5.0. The results for the Cu speciation are
depicted in the top panels of Figure S6 (SI) (pH,; 4.0) and
Figure 3 (pHy; S5.0). For both JLHA and PAHA, the
carboxylic-type sites contribute most to the total Cu binding;
for JLHA the contribution of the phenolic-type sites is rather
small. The cumulative heats have to be corrected for the
increased deprotonation (see eq 3); the corrected heats are
depicted in Figure S6 (SI) (pH;y 4.0) and Figure 3 (pH,; 5.0)
in the bottom panels. The obtained curves are fitted to the
right-hand side of eq 3 to obtain the site-type-specific average
molar enthalpies of Cu binding to deprotonated carboxylic- and
phenolic-type sites; the results are collected in Table 3 for both
samples. Since the small contribution of phenolic-type sites to
Cu binding to JLHA leads to a relatively large uncertainty of the
corresponding enthalpies, these values are not included in the
analysis. It follows that Cu binding to carboxylic-type sites is
endothermic (7.12—9.80 kJ/mol), while Cu binding to
phenolic-type sites is exothermic (—17.57 and —17.45 kJ/mol).

The site-type-specific average molar Gibbs energies of Cu
binding (AGc, in Table 3) are calculated using the log ECuLj'
The AGc,; values are all negative because Cu binding is a
spontaneous process. With eq 5, TAS¢,; is calculated with the
known values of AGc,; and AHg,;. The resulting TASc,;
values of Cu binding to deprotonated carboxylic- and phenolic-
type sites are also listed in Table 3. The positive entropies
suggest that Cu binding to deprotonated sites is entropically
favorable. A similar driven force is observed for Cu and proton
binding to each site-type, which suggests a similar thermody-
namic binding mechanism; thus, a high affinity for proton
binding also implies a high affinity for Cu binding,
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It is worth noting that the fit of Cu-binding enthalpies is poor
for PAHA. For JLHA, Cu binding at pH;;;; 4.0 and 5.0 seems to
be a simple process in which Cu binding occurs almost
exclusively on carboxylic-type sites. For PAHA—Cu, the average
site-type-specific enthalpies (one constant value for each site-
type) are somewhat crude. Experimental curves show two
regions of about constant molar heat for Cu. At pHj,, 4.0, the
first region applies to Cu bound less than 0.51 mol/kg, and the
average molar enthalpies for carboxylic- and phenolic-type sites
are 8.44 and —17.44 kJ/mol, respectively; the second region
applies to high Cu loadings and the average molar enthalpies
are 12.03 and —17.91 kJ/mol, respectively. Similarly, the
average molar enthalpies at pHj;, 5.0 are 5.92 and —17.54 kJ/
mol at low Cu loadings, and 9.86 and —17.29 kJ/mol at high
Cu loadings (>0.82 mol/kg). These results imply that, with Cu
binding to PAHA, different complexes form at low and high Cu
loadings.

4. DISCUSSION

4.1. Coordination Information Provided by EXAFS.
Previous studies*”** have shown that one or two five- to six- or
higher membered ring-chelates formed by closely spaced
carboxyl and hydroxyl groups are the dominant forms of
natural organic matter (NOM)—Cu complexes. The coordina-
tion numbers (CN) of 1.7 and 1.9 C in the second shell suggest
that the Cu—complexes are mainly represented by one ring in
HA with Cu forming bidentate complexes with bridging O
functional groups, but because the CN is less than 2,
monodentate complexes will also exist. The two rings structure
can be less possible due to the relatively low coordination
numbers and a larger sterical hindrance for HA with high
average molecular weight. The results are in agreement with the
stoichiometry ratio, nc,/ny, of 0.51—0.70 obtained with the
NICA model. The closer nc,/ny is to 1, the more likely the
metal ion is bound as a monodentate complex, and the closer it
is to 0.5, the more likely the binding is bidentate.'"*> Manceau
and Matynia®® have provided the “structure fingerprints” of
various coordination modes formed by Cu and functional
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groups of NOM. The six-membered chelate, which has a peak
at 2.8 A R + AR (blue arrow in Figure 1b), is not the dominant
species in our HA—Cu samples, since this peak is small for
PAHA—Cu and absent for JLHA—Cu in Figure 1b. A second C
shell at 3.7—5.0 A is a characteristic of phthalate—Cu chelate
rings or monodentate Cu coordination, which is included in the
shadow area in Figure 1b, suggesting that carboxylic—Cu
should be significant, which agrees with the NICA calculations.
In addition, a strong shoulder between 5.7 and 6.1 AVin k-
space was found in previous studies,””**** which is a feature of
five-membered rings and especially pronounced when Cu is
bridging two rings. This shoulder is not obvious in the present
study (Figure 1a), and therefore, the structure of two five-
membered rings is excluded.

4.2. Comparison of Thermodynamic Parameters
between the HA and Low Molar Mass Organic Acids:
H and Cu Coordination. HAs are complex and heteroge-
neous assemblages of lower molecular mass components with
dominantly carboxylic-type and phenolic-type functional
groups.”** The site-type-specific thermodynamic parameters
of protonation of HA are compared with those of proton
binding to low molar mass organic acids. For some of these
acids, the thermodynamic parameters are collected in Table S2
(SI).” The values demonstrate that the magnitude of the
thermodynamic parameters is related to the structure of the
organic acids. Typical enthalpies for proton binding to
carboxylic groups of low molar mass organic acids range
between —3.8 and 6.02 kJ/mol, and those for phenolic groups
range between —20 and —38 kJ/mol. Our measured enthalpies
of protonation of the carboxylic-type (0.20 and 0.77 kJ/mol)
and phenolic-type sites (—23.61 and —21.41 kJ/mol) are close
to, respectively, the carboxylic and phenolic groups of the low
molar mass acids. Evidently, proton binding enthalpies of HA
are largely determined by the site-type the proton associates
with.

The thermodynamic parameters of Cu complexing with
organic acids are collected (Table S3, SI).* The thermody-
namic characteristics are summarized below. When Cu forms
monodentate complexes with single-carboxylic ligands, such as
acetate, propionate or furanate (A-kind structure in Figure 4),
the resulting enthalpies (AH = 4.1—7.1 kJ/mol) and entropies

Figure 4. Proposed structures for Cu complexes with carboxylic and
phenolic groups on HA.
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(TAS = 10.7—19.7 kJ/mol) are relatively small. For Cu
complexing with dicarboxylic ligands like malonate, succinate,
or phthalate, three possible structures exist: monodentate
complexes [MHL in Table S3 (SI), B-kind structure in Figure
4], bidentate complexes with single ligand (ML, C-kind
structure), bidentate complexes with two separate ligands
(ML,, D-kind structure). For the MHL-complex the enthalpies
(AH = —0.4—2 kJ/mol) and entropies (TAS = 8.9—12.8 kJ/
mol) are even smaller than for the monodentate complexes
mentioned above. The enthalpies of ML- and ML,-complexes
are comparable and range from S to 1S5 kJ/mol, but the
entropies of ML, (TAS = 46.8—53.3 kJ/mol) are larger than
those of ML (TAS = 26.7—37.0 kJ/mol). The enthalpies of Cu
binding to the deprotonated carboxylic-type sites of JLHA and
PAHA range from 5.92 to 12.03 kJ/mol and the entropies
(TAS) from 29.98 to 36.33 kJ/mol. These thermodynamic
parameters of Cu binding to carboxylic-type sites are averages
of the diverse carboxylic—Cu configurations. The combination
of monodentate complexes and bidentate complexes involving
two ligands, or mainly bidentate complexes involving single
ligand, could lead to thermodynamic parameters similar to
those of Cu binding to carboxylic-type sites of HA. However,
the possibility of involving large coordination numbers is not in
accordance with the EXAFS results. Therefore, one chelate ring
formed by Cu and two carboxylic groups should be the
dominant species. Considering this and the various aromatic
structures in HA, the C-kind structure provides most likely a
large contribution to Cu binding to the carboxylic-type sites.
Similarly, the thermodynamic parameters of Cu binding to
phenolic-type sites of HA (Table S4; detailed fitting in Figures
S7 and S8, SI) are close to those of salicylate and catechol
(Table S3, SI). Considering that five- and six-membered rings
are not so detectable by EXAFS, phenolic—Cu complexes such
as salicylic (E-kind structure, six-membered ring) and catecholic
(F-kind structure, five-membered ring) structures should be
responsible for the minority of HA—Cu complexes.

The significance of this study is that our understanding of
specific ion binding to the different site-types of HS is enhanced
by simultaneous use of XAFS, calorimetry, and NICA
modeling. The binding behavior of proton and Cu binding to
the carboxylic- and phenolic-type HA sites largely depends on
the coordination environment, but the thermodynamic driving
forces for binding to the carboxylic-type sites are very similar
and different from the binding to the phenolic-type sites.
Therefore, differences in HA heterogeneity and site densities do
not significantly affect the site-type-specific thermodynamic
binding mechanisms. This “universal nature” of the site-type-
specific thermodynamic parameters, as observed for proton and
Cu binding to the two types of functional groups of the two
HAs, is of direct importance for the determination of the metal
ion binding structures. Most likely, the universal nature of the
site-type-specific thermodynamic parameters can also apply to
metal ions with a binding mechanism similar to that of Cu in
conjunction with chemical speciation models (NICA model in
particular), and with EXAFS studies to constrain and/or
compare the coordination structures (or stoichiometry
indicators) of the chemical speciation model and/or the
EXAFS analysis.
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