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ABSTRACT

Adsorption to minerals is a key mechanism in stabilizing organic carbon in soils. We used isothermal titration calorimetry (ITC)
to quantify the thermodynamics of binding of citric acid, oxalic acid, and salicylic acid to four goethites with different specific
surface areas (SSA, 14-120 m? g=!). Thermodynamic parameters could be determined for sorption of citric and salicylic acids,
while flocculation of particles prevented their quantification for sorption of oxalic acid. For citric acid adsorption, AH shifted
from —23.5+0.57 to —27.0+0.47kJ mol~! and AS from —8.8+1.54 to —29.9+0.13J mol~'K~! with increasing SSA and broader
(110) diffraction peaks of goethite, thus reducing AG from —20.7+0.02 to —18.0+0.03kJ mol~!. Salicylic acid adsorption was
more exothermic (AH —40.53 +1.93kJ mol ) and accompanied by a larger loss of entropy (AS —65.1+1.91Jmol~* K1), possibly
due to chelation of its ortho hydroxyl and carboxyl groups to single iron atoms on the mineral surface. These results demonstrate
that ITC can decipher adsorption thermodynamics of organic ligands to mineral surfaces, but ligand-induced flocculation can
render the interpretation of results difficult. Crystallite size and lattice defects of adsorbent minerals influence the thermody-
namics of sorption by determining the conformation of organic molecules sorbed to goethite surfaces.

1 | Introduction et al. 2012). In soils, the introduction of impurities and vari-

able boundary conditions of mineral formation (Schwertmann

The fate of organic carbon (OC) in soils is extensively re-
searched as soil represents the largest terrestrial C sink
(Georgiou et al. 2022). Sorption to minerals slows down OC
mineralization, as demonstrated by age distributions of OC
across soil depths and fractions (Saidy et al. 2015; Schrumpf
et al. 2013; Spielvogel et al. 2008). Besides clay minerals, iron
(oxyhydr-)oxides such as goethite are some of the most com-
mon pedogenic minerals (Cornell and Schwertmann 2003;
Guo and Barnard 2013). Goethite commonly forms needle-
shaped crystals and exhibits exceptional sorption capacities
for anions or zwitterionic solutes due to the net positive sur-
face charges in acidic and neutral soils (Bramble et al. 2024;
Feng et al. 2013; Gao et al. 2018; Georgiou et al. 2022; Saidy

et al. 1985) cause crystallographic defects, like line defects (dis-
location) (Taitel-Goldman et al. 2004), point defects (vacancies)
(Madsen et al. 2009), and substitutional defects (Goodman
and Lewis 1981). Generally the number of defects and the
specific surface area (SSA) increase with decreasing size of
goethite crystallites (Schwertmann et al. 1985; Taitel-Goldman
et al. 2004). Defect density of goethite has been shown to play
an important role for the adsorption of arsenic moieties of or-
ganometallic complexes (Hou et al. 2022), phosphate (Strauss
et al. 1997), and OC (Kaiser and Guggenberger 2003, 2007;
Mikutta et al. 2004). Despite the relevance of sorption of or-
ganic molecules on oxyhydroxide mineral surfaces to the sta-
bilization of OC, their thermodynamics, namely sorption
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Highlights
« First complete assessment of AH, AS, and AG of sorp-
tion of organic acids to goethites.

« Flocculation of mineral particles must be prevented to
obtain meaningful ITC data.

« Goethite particle size & crystallinity modulate the
thermodynamics of citric acid sorption.

« Sorption of organic acids to goethite does not present
an energetic barrier for their mineralization.

enthalpy (AH), Gibbs free energy (AG), and entropy (AS), have
not been quantified to date.

Isothermal titration calorimetry (ITC) is a method able to quan-
tify the thermodynamics of binding-reactions within a single
experiment and is regarded as gold standard for studying the
thermodynamics of molecular interactions in solution (Bastos
et al. 2023). In an ITC experiment, known amounts of sorbate
are sequentially titrated into a constantly stirred reaction cham-
ber filled with known amounts of sorbent and the heat released
or consumed during the binding reaction is measured (Freire
et al. 1990; Wiseman et al. 1989). While ITC is routinely used to
investigate the binding of ligands to macromolecules, the tech-
nique has rarely been applied for the study of adsorption of li-
gands to solid materials (Joshi et al. 2004; Prozeller et al. 2019).
The usage of suspended nanoparticles as sorbent increases the
complexity of interactions during the ITC experiment, especially
by potential flocculation of particles (Jodar-Reyes et al. 2001).
Nonetheless, this technique has been used to study the sorp-
tion of orthophosphate to kaolinite (Penn and Warren 2009),
soil slurries (Penn and Zhang 2010), gibbsite (Hong et al. 2020),
and clay-sized mineral mixtures extracted from soils (Hong
et al. 2021) as well as uranium on goethite (Kumar et al. 2022).
However, only the studies conducted with gibbsite and clay min-
eral mixtures obtained ITC data suitable to calculate the desired
thermodynamic characteristics (Hong et al. 2020, 2021).

The aim of this study was to explore the potential and limita-
tions of ITC to elucidate the thermodynamics of sorption of
small organic acids to goethite. Oxalic acid, citric acid, and sali-
cylic acid were chosen as organic model ligands because of their
ubiquity in soil and strong binding affinities to goethite (Jones
and Edwards 1998; Yeasmin et al. 2014). Four goethite minerals
of different crystallinity, specific surface area (SSA), and den-
sity of surface defects were investigated. Sorption was studied
at a slightly acidic pH of 5.5. We hypothesized, that (1) sorption
of oxalic- and citric acid yield similar changes in enthalpy AH
and Gibb's free energy AG at pH 5.5 as both ligands contain two
deprotonated carboxyl groups at that pH, and (2) AH and AG of
ligand adsorption to minerals increase with increasing surface
area and increasing number of defects of minerals.

2 | Materials and Methods

All chemicals were purchased from Sigma Aldrich (Darmstadt,
Germany), with purities >99%. Ultra-pure water was sourced

from a Purelab Flex 2 Water Purification System (Veolia Water
Solutions and Technologies, Buchinghamshire, United Kingdom).

2.1 | Goethite Synthesis and Characterization

Commercially available goethite BAYFERROX 920Z (LANXESS
Deutschland GmbH, Cologne, Germany) and three self-
synthesized goethite minerals were used for this study. Two iron
hydroxides were synthesized using 10M NaOH titrated into a con-
stantly stirred, freshly prepared 0.5M FeCl, solution up to pH12
(Dultz et al. 2019). To create hydroxides with different specific
surface areas, the suspensions were stored for 68days at 4°C and
8°C, respectively, before adjustment to pH6 with 0.2M HCI. The
third goethite was synthesized by aeration of an NaHCO,-buffered
0.05M FeCl, solution with compressed air injected through per-
forated polyethylene tubes (Goodman and Lewis 1981; Fischer
et al. 1998). Mineral suspensions were filled into Spectra/Por 2
dialysis membranes with a molecular weight cut-off of 12-14kDa
and dialyzed against deionized water until the conductivity of the
suspensions dropped below 5 uS cm™. All suspensions were after-
wards freeze-dried and ground using a mortar and pestle.

Mineral purity was confirmed via X-ray powder diffraction using
an Empyrean 3 X-ray diffractometer (Malvern-PANanalytical
B.V, Worcestershire, Great Britain) equipped with a copper
source. Specific surface areas, pore volume, and pore size distri-
bution of mesopores were investigated via nitrogen sorption at
77K after drying for 18 h at 65°C (single measurements; instru-
ment reproducibility +1%) using a Quantachrome Quadrasorb
evo (Anton Paar Germany GmbH, Ostfildern-Scharnhausen,
Germany). The morphology of goethite was studied with a scan-
ning electron microscope (SEM) GeminiSEM 560 (Carl Zeiss
Microscopy Deutschland GmbH, Oberkochen, Germany) after
mounting on sample holders with carbon tabs.

2.2 | Isothermal Titration Calorimetry

Experimental setups for all investigated mineral phases and
organic acid combinations followed the same general proce-
dure: Heat production or consumption during adsorption of
carboxylic acids as ligands on mineral surfaces was measured
with a dynamically calibrated thermal activity monitor 3 (TAM
3, TA Instruments Inc., Newcastle, Delaware, USA) equipped
with a 4mL nanocalorimeter. The reference ampoule of the
calorimeter was filled with suspensions of the same mineral
and exchanged weekly to prevent sedimentation. To mini-
mize differences in heat capacity between the measurement
and reference cells, the reference unit contained an equiva-
lent dummy setup including the shaft and propeller. The cal-
orimeter was dynamically calibrated after each suspension
change to account for potential differences in suspension heat
capacity. Mineral suspensions and ligand solutions of varying
concentrations in 0.01 M KCl background electrolyte were ad-
justed to pH 5.5+ 0.01 with HCI and KOH to mitigate the heat
signal of the acid-base neutralization during titration. Sorbate
solutions were filtered through <220nm polyether sulfone
syringe filters in a sterile environment. The calorimeter sy-
ringe system was rinsed several times, first with 0.1 M HCI
to remove potential goethite, followed ethanol to reduce the
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risk of microbial processing of the organic sorbates. Sorbents
and sterile-filtered sorbates were degassed under vacuum
for 30 min, followed by 5min in an ultrasonic bath at room
temperature. The titration unit was assembled under sterile
conditions afterwards. The system was equilibrated prior to ti-
tration to reach thermal stability (standard deviation < 50 nW,
slope <50 nW h!). After temperature equilibration, experi-
ments during method development consisted of 20-40 titra-
tions at 25°C with volumes from 0.5 to 3 uL, dosing-speeds of
0.1-1 L s7! and titration intervals between 8 and 30 min into
mineral suspensions ranging from 5 and 40gL~!. Potential
organic acid-induced mineral dissolution during titration ex-
periments was investigated by analyzing dissolved iron in the
suspensions after ITC experiments. To this end, suspensions
were centrifuged at 17,000g for 60min and the supernatant
analyzed using inductively coupled plasma optical emission
spectroscopy (ICP-OES) (Agilent 720, Agilent Technologies
Inc., Santa Clara, USA). Subsequently, blank measurements
were performed by repeating ITC experiments with 0.01M
KClI solutions (likewise adjusted to pH 5.5) instead of mineral
suspensions to subtract the heat of dilution from ligand titra-
tion into the mineral suspensions.

2.3 | Data Analysis

Experimental raw data (e.g., time evolved, timing of the con-
secutive injections, heat flow) were exported from the calorim-
eter using TAM Assistant 3.0 (TA Instruments Inc., Newcastle,
Delaware, USA). Baseline correction was performed with
Origin Pro 2024b (OriginLab Corporation, Northampton, MA,
USA), using the integrated asymmetric least square smooth-
ing function (Eilers and Boelens 2005). Baseline-corrected
data were subsequently exported to NanoAnalyze 4.0.2 (TA
Instruments Inc., Newcastle, Delaware, USA), integrated for
heat flows, and corrected for blank titrations. An exemplary
workflow for raw data processing is shown in Supporting
Information SI.

Theadsorption thermodynamics was modeled using the indepen-
dent, one-site binding model integrated into the NanoAnalyze
software based on the Wiseman isotherm (Wiseman et al. 1989).
The Wiseman isotherm was developed and is typically used for
analyzing the binding of ligands to biological macromolecules.
This model assumes that (1) all binding sites are considered
identical with the same affinity for the ligand, (2) the binding
of a ligand to one site does not affect the binding at another site,
and (3) that the number of binding sites for ligands per macro-
molecule equals 1. Application of this isotherm to the binding
of ligands to a mineral surface requires a careful consideration
of dimensions of the variables that are used as input for the
modeling of the binding reaction. The one-site binding model
typically used to describe ligand-macromolecule interactions
expresses the concentrations of ligands, macromolecular sor-
bent and ligand-macromolecular complexes in the dimension
[mol L. For describing the binding of ligands to mineral sur-
faces, a former study therefore determined the number of re-
active binding sites on the surface of their gibbsite minerals in
separate potentiometric titration experiments (Hong et al. 2020)
to derive the concentration of gibbsite binding sites in [mol
L7 for the interpretation of their ITC experiments. In order to

derive all sorption and thermodynamic parameters in a single
ITC experiment, we decided to use instead the surface area of
the minerals as direct input and thus express the concentration
of the sorbent as [m?L~!]. This adjustment will not affect the
value of AH that is determined in the titration experiment, since
AH is derived directly from changes of the measured heat flow.
Similarly, this uncommon dimension of the sorbent concentra-
tion will not affect the estimation of the association constant K,
from the titration experiment, because K, is considered in the
Wiseman equation via the parameter r, in which K, is combined
with total mineral surface concentration, so that the units of K,
and sorbent concentration cancel out (Wiseman et al. 1989, 1).
The parameter r and hence K, are derived from the slope of the
sigmoidal binding curve at its inflection point. However, when
applying the Wiseman model for the interpreting the titration
experiments with the dimension [m? L] for the sorbent concen-
tration, we have to consider that the dimension of the x-axis of
the binding curve in our case is not dimensionless, but in the
unit [mol m~2]. If the assumption of one binding site per unit of
sorbent is met, then the inflection point of the sigmoidal binding
curve is exactly at a ratio of 1 on the x-axis, which describes the
binding stoichiometry n. Hence, when plotting the x-axis of the
binding curve in the dimension [mol ligand m~2 mineral surface
areal, the parameter n directly indicates the number of sorption
sites per m? surface area of the mineral. To test the feasibility
of our approach, we repeated the estimation of thermodynamic
parameters and K, after transforming the sorbent concentration
from the unit [m?L~!] into [mol binding sites L~!] by multiply-
ing the parameter n retrieved from the one site binding model
with the surface area concentration [m?L~!] in our suspension.
Using this value as input for M (now in mol binding sites L~}
mineral suspension) yielded a parameter n of 1 (Figure S2). The
estimated thermodynamic parameters of adsorption, including
K, remained unchanged, confirming the applicability of our
approach.

The Gibbs free energy of adsorption AG and the entropy change
AS of the sorption reaction can be derived from general ther-
modynamic relationships. The Gibbs free energy of adsorption
AG [Jmol™] is related to the equilibrium association constant K,
(Equation 1):

AG= -RT In(K,) D

where R is the gas constant [JK-'mol™!] and T the tempera-
ture [K]. Adsorption AG can be separated into enthalpic (AH
[Tmol™1]), as well as entropic (AS [Jmol~' K~!]) contributions via
equation (Equation 2):

AG=AH-TAS @)

Successful ITC experiments were repeated in triplicates, with
the thermodynamics of each experimental replicate modeled
separately. Inverse variance-weighted means were computed
from values x; with standard errors o; for modeled thermo-
dynamic parameters with standard errors, e.g., AH and n
(Equation 3):
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The standard errors of the weighted means o3 are given by
(Equation 4):

@

Means of modeled parameters without standard errors, e.g., AG,
AS and K, were calculated as arithmetic means.

3 | Results and Discussion
3.1 | Characteristics of Minerals

The SSA of minerals ranged from 13.8 m?g~! for commercial
BAYFERROX goethite to 119.6 m2g~! for goethite synthesized
using compressed air (Figure 1). For convenience, we refer to
these minerals as Goe-14 (13.8 m?g™!), Goe-93 (92.6 m?g 1), Goe-
112 (111.9m?g™1) and Goe-120 (119.6m?g™!). Scanning electron
microscope (SEM) images showed comparably large elongated
rhombic shapes with clear crystal faces for Goe-14, clear needle-
like shapes for Goe-93 and Goe-112, and finer grain structures

for Goe-120 (Figure 1). Powder X-ray diffraction (XRD) spectra
confirmed that all minerals were pure goethite, with XRD peaks
broadening with increasing SSA (Figure 1). The full width at
half maximum (FWHM) of each 110 peak (FWHM,,,) after
baseline correction increased with increasing SSA, thus indicat-
ing a decreasing crystallinity with increasing SSA (Supporting
Information S3 and Table 1). This relationship corresponded
with the crystal morphology observed with SEM, as reported
earlier (Echigo et al. 2012).

3.2 | Preliminary Experiments to Avoid
Flocculation and Dispersion

Ligand-induced flocculation and dispersion emerged as the main
challenge in obtaining usable data during our ITC experiments.
We identified four distinct patterns of flocculation (Figure 2). We
could not achieve a stable suspension with the most crystalline
goethite Goe-14. Within minutes of starting the agitator, colloids
flocculated and settled at the bottom of the measuring ampoule
(Figure 2a). Despite this sedimentation, the ITC experiment
with citric acid and flocculated goethite revealed small exother-
mic heat spikes followed by endothermic spikes with amplitudes
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——13.8 [m%g"
——926 [m’*g"

(111)
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—
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FIGURE 1 | Scanning electron microscopy recordings of synthesized goethite with specific surface areas from 13.8m?g~! (top left), up to

119.6 m?g~! (bottom left), with powder X-ray diffractograms and pore size distribution of the four goethite samples (right).
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TABLE 1 | Thermodynamics of adsorption of citric acid to goethite of specific surface areas (SSA) of 92.6 to 119.6m?g~! and salicylic acid to

goethite of SSA of 119.6 m?g~1.

Citric acid Salicylic acid

SSA [m2g1] 92.6 111.9 119.6 119.6
FWHM,, [26] 0.799 1.013 1.128 1.128

K, [mol ] 4348 +37 2703 +47 1449+ 28 6667 41

n [umol m~2] 1.71+£0.1 2.79+0.1 2.77+0.0 0.20+0.0
AH [kJ mol™] -23.5+£0.6 -24.0+0.7 —-27.0%+0.5 —40.53+1.9
AG [kJ mol1] -20.7+0.0 -19.6+0.0 -18.0+0.0 -21.7+0.1
AS [Jmol 1 K] -8.8+1.5 -15.0+0.4 -29.9+0.1 —-65.1+1.9
—TAS [kJ mol~!] 2.6+0.6 4.1+04 8.9+£0.0 19.4+0.6
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FIGURE 2 | Flocculation observed during method development in isothermal titration calorimetry experiments with no baseline correction ap-
plied. (a) Goe-14 with citric acid showed flocculation and sedimentation, accompanied by low exothermic heat signals, followed by low endothermic

heat flow spikes. (b) High dosage speeds of citric acid into Goe-112 lead to noisy heat spikes during the initial injections of sorbate solution of the

experiment. (c) Thermograms of oxalic acid adsorption to Goe-93 with exothermic signals followed by endothermic signals and flocculation of the

mineral phase. (d) Salicylic acid adsorption to Goe-112 with strong baseline shifts and two-toned suspension after the experiment.

smaller than 1 uW. Since no dissolved iron was found in the sus-
pension after the experiment, we exclude dissolution of goethite
by citric acid as a reason for the heat production and consump-
tion. Thus, we conclude that only flocculation and dispersion
dominated the heat flow in this experiment.

A second flocculation phenomenon occurred when the sorbate
injection rate exceeded 0.1 pLs™. Above this dosage speed, sor-
bates did not mix properly with the suspension during the initial
titrations. Instead, noisy and time-delayed exothermic signals
were generated (Figure 2b).
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The third flocculation phenomenon was observed when oxalic
acid was injected into any goethite suspension. Oxalate caused
flocculation and immobilization of colloids around the injection
cannula (Figure 2c), which induced partial sedimentation and
a clear supernatant at the end of the sorption experiment even
while the agitator was still running. Since no dissolved iron
was found in the suspension, bridging of goethite particles by
monodentate binding of oxalic acid molecules to different min-
eral surfaces was most likely the driver of flocculation. Indeed,
FTIR measurements showed that goethite-adsorbed oxalic acid
formed monodentate structures with the ligand's two carboxylic
acid functional groups being bound to different hydroxyl groups
on minerals surfaces (Yeasmin et al. 2014). Therefore, the con-
tribution of flocculation and ligand-exchange to heat flow can-
not be disentangled.

Lastly, sequential titration of salicylic acid to Goe-93 and Goe-
112 led to reproducible baseline shifts (Figure 2d). After disas-
sembling the reaction ampoule, we observed that the suspension
surrounding the agitator changed color (Figure 2d). The calo-
rimeter's agitator operates at constant power, but a change in
the suspension’s viscosity during titration would have caused
friction-induced heat to enter the calorimeter shifting the base-
line, with observations of high viscosity in flocculated aqueous
goethite suspensions and water-like viscosity in dispersed sus-
pensions support this theory (Blakey and James 2003). While
software can correct these baseline shifts, the two-toned sus-
pension observed after the experiment raises concerns about
adequate mixing of minerals and sorbates, and therefore the
validity of the obtained thermodynamic parameters.

We tried to prevent flocculation phenomena by enhancing the
intermixing of the suspension through agitator modifications.
The shaft of the standard agitator, the 18 carat golden propeller,
was shortened to fit two stacked agitators within the suspension
of the measurement ampoule. In other experimental trials, 3D-
printed helical polypropylene agitators were placed into refer-
ence and measurement ampoule and tested (Figure S4). Both
approaches, however, failed to produce stable baselines. Thus,
all successful ITC experiments to retrieve thermodynamics
of adsorption were performed with one 18 carat gold agitator
set to a maximum of 110rpm allowing best possible mixing.
Additionally, a low dosage speed of the injections (0.05uL s™%)
was chosen to avoid localized high concentrations of free li-
gands within the suspension as encountered in Figure 2b.

3.3 | Adsorption Thermodynamics of Citric
and Salicylic Acid on Goethite

All successful experiments showed that salicylic acid and cit-
ric acid adsorption to goethite at pH 5.5 resulted from enthalpy-
driven processes that were accompanied by a loss of entropy
(AH, AS<0; Table 1). The stoichiometry parameter n and there-
fore sorption capacity derived from the ITC experiment was
1.7-2.8 umol m~2for citric acid adsorbed to goethite with SSA
from 93 to 120m?g~! (Table 1).

This is in close agreement with previous work on orthophos-
phate (not citric acid) adsorption of 2-3 umol m~2to a variety of
goethite samples (Strauss et al. 1997). Hence, the comparison

supports the validity of our ITC results for sorption capacities.
Additionally, citric acid experiments conducted with Goe-93,
Goe-112, and Goe-120 (Figure 3) demonstrated that the sorp-
tion capacity on a umol m~2 basis of Goe-120 was 162% of the
sorption capacity of Goe-93 (Table 1, stoichiometry parameter
n) although its SSA equaled only 121% of the Goe-93 SSA. This
disproportionally large increase in sorption capacity with in-
creasing SSA points to the relevance of the abundance of defects
within the crystal lattices for adsorption of citrate. Vice versa,
the disproportionally large decrease in sorption capacity with
decreasing SSA might also indicate that not all pore surfaces of
increasingly larger mineral particles that are measured by N, ad-
sorption are accessible for dissolved citric acid in the short time
interval of the ITC experiment. This would lead to an increased
time delay between injection of sorbate and adsorption to un-
occupied binding sites. As a consequence, heat from diffusion-
delayed adsorption may be either detected as part of the baseline
drift and subtracted, or attributed to a later titration event.

The AH of citrate sorption to goethite ranged from 23.5 to 27.0kJ
mol~! (Table 1), which is similar to the AH value of —24.4kJ
mol~! for the sorption of ortho-P (2mM solution) to gibbsite at
pH4.2 (Hong et al. 2020). The similarity of reaction enthalpies is
likely due to the fact that adsorption of both, citrate and ortho-P
to both goethite and gibbsite is dominated by ligand exchanges
with hydroxyl surface groups of the minerals. The AG values we
derived for the sorption of citrate to the three goethites (—18.0 to
—21.0kJ mol~!) were slightly smaller than the value of —25.7kJ
mol~! reported for the sorption of ortho-P to gibbsite (Hong
et al. 2020).

Both AH of sorption and system AS became more negative with
increasing goethite SSA and FWHM of the 110 diffraction peak
(Table 1). This trend can be explained by the increasing number
of available binding sites for citric acid on goethite with lower
crystallite size and greater abundance of crystal lattice defects.
More binding sites enable more adsorption of molecules from
aqueous solutions to mineral surfaces and thus more negative
AH. More adsorption also leads to a greater loss of AS due to the
transition of molecules from free diffusion in solution to a more
ordered state on surfaces. Hydroxyl ion-release by the ligand-
exchange reaction and diffusion in solution partly counteracts
the system's loss of entropy. Nevertheless, overall AS remains
negative in all experiments since the entropy loss associated
with the adsorption of dissolved organic acids due to restricted
configurational freedom outweighs the entropy gained by water
or hydroxyl release.

In addition, carboxyl-group oxygen atoms can bind to lattice Fe
in different coordination modes. These include monodentate
surface complexes, bidentate chelation to a single Fe center,
and monodentate bridging between two Fe atoms. Each bind-
ing mode imposes a distinct degree of conformational freedom
on the sorbed ligands: Monodentate-bound acids retain greater
rotational and torsional flexibility, which leads to a smaller en-
tropy loss compared to more constrained bidentate chelation or
monodentate bridging. The more negative AS and smaller AG of
citrate sorption to goethite with SSA (Goe-120 > Goe-112 > Goe-
93) thus indicates that higher SSA and FWHM, , are related to
more lattice defects (Hou et al. 2022) that induce more bidentate
chelation and monodentate bridging.
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FIGURE3 | Thermograms and fitted independent binding models from titration experiments with citric acid and goethite minerals with specific
surface areas (SSA) of 92.55 (Goe-93), 111.89 (Goe-112), and 119.56 m?g~! (Goe-120), as well as salicylic acid adsorption onto goethite with SSA of

119.56 m?g~'after blank correction.

In comparison to citric acid, the adsorption thermodynamics
of salicylic acid to goethite could only be determined for Goe-
120 (Figure 3, Table 1). Surprisingly, adsorption of salicylic acid
was more exothermic than that of citric acid. This cannot be
explained by ligand-binding of the one carboxyl-group of salic-
ylate to Fe on mineral surfaces. Instead, the hydroxyl group in
ortho-position to the carboxyl group likely facilitated bidentate
chelation with surface Fe atoms, thus leading to stronger cova-
lent interactions and more negative AH. Zeltner et al. (1987) as
well as Yost et al. (1990) assumed a chelate structure forming
between goethite and salicylic acid after investigation of FTIR
spectra. Further studies of the adsorption of polyvinylalcohol
to goethite (Kavanagh et al. 1976) and alcohols to hematite via
chemisorption of hydroxy groups (Yun et al. 2018) support this
theory. The formation of a chelate structure of salicylate with
its rigid aromatic ring and possible intramolecular hydrogen
bonding with the hydroxyl groups of the goethite surface would
also explain the much larger loss of entropy compared to adsorp-
tion of citric acid (Table 1). Citric acid has a flexible aliphatic

backbone, and thus when one or more carboxyl-groups are co-
ordinated to surface-Fe atoms, the molecule retains rotational
and torsional freedom to a higher degree compared to salicylate.

3.4 | Potentials, Limitations

and Outlook of Isothermal Titration Calorimetry
for Determining the Thermodynamics

of Organo-Mineral Interactions

Virtually any molecular interaction is detectable by ITC by mea-
suring a universal feature of such processes, namely the produc-
tion or consumption of heat. However, this universality also poses
achallenge to determine the thermodynamics of single processes,
asheat signals from unrelated processes can interfere and compli-
cate the measurement and deconvolution of interaction-specific
heat signals (Bastos et al. 2023). Not only flocculation, which has
been described within this study and in literature (Jodar-Reyes
et al. 2001), but also organic acid-induced mineral dissolution
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and re-crystallization (Reichard et al. 2007; Zhang et al. 1985)
may lead to changes in thermograms that are not related to ad-
sorption processes. Possible interfering processes require careful
optimization and specific adjustment of experimental conditions
as indicated by flocculation in our pre- and main experiments.
Therefore ITC is not suitable as a high-throughput method for
investigating large numbers of molecule-mineral combinations.
Yet it is suitable to determine thermodynamic parameters for
sorption processes with high binding affinities such as phos-
phate to soil colloids (Hong et al. 2020, 2021) and carboxylic
acids to goethite in this study. Future developments such as the
use of specialized agitators and measurement cells specifically
designed for suspensions could help to minimize flocculation
during ITC experiments, thereby improving experimental results
and data interpretation. Furthermore, ITC could also be applied
to quantify desorption processes, for example by measuring the
displacement of phosphate from minerals with organic acids
using phosphate-loaded minerals.

Originally, models to infer thermodynamics of binding interac-
tions from ITC data were developed for macromolecule interac-
tions with ligands (e.g., Claveria-Gimeno et al. 2017), not binding
interactions of ligands with colloidal systems. The general as-
sumption of simple one-site (and one reaction) binding models—
including Wiseman et al. 1989 and this study—that all binding
sites have the same binding affinity therefore would be violated
when different binding sites of goethite crystallites (Kaiser and
Guggenberger 2003, 2007; Mikutta et al. 2004; Georgieva et al.
2020) contribute similarly to the overall sorption, or if the or-
ganic acids undergo multiple sorption reactions. Several argu-
ments nonetheless justify the application of a one-site binding
model. Fourier Transform Infrared (FTIR) spectroscopic inves-
tigations of the sorption of organic acids to minerals have identi-
fied ligand exchange reaction as the dominating sorption process
(Yeasmin et al. 2014; Yu et al. 2019). Molecular modeling of the
sorption of the herbicide 4-Chloro-2-methylphenoxyacetic Acid
(MCPA) to goethite revealed that the formation of a monoden-
tate inner-sphere complex of the protonated MCPA species dom-
inated the overall sorption (Kersten et al. 2014).

That a one-site and one reaction binding model well describes
our ITC data supports the assumption that one sorption reac-
tion to one type of binding site dominated the thermodynamics
of sorption in our systems. The good fit of the one-site binding
model also does not justify the application of a more complex
model with a larger number of sorption sites, reactions and pa-
rameters, since the ITC data would not allow the unambiguous
identification of parameters for additional sorption processes and
binding sites. Therefore, the application of the one-site binding
model to ITC measurements of sorption reactions provides use-
ful mean values of thermodynamic sorption parameters, but the
assignment of these values to individual sorption reactions and
sites remains a challenge. The integration of ITC measurements
at different boundary conditions like pH and ionic strength with
molecular modeling of individual sorption processes could help
elucidate the thermodynamics of specific sorption reactions.
Such integration was, however, beyond the scope of this study.

Overall, our study demonstrates that AH, AS, and AG of sorption
of low molecular weight organic acids to goethite, together with
the sorption capacity for the given molecule can be determined by

ITC. Moreover, variations in specific surface area, defects of the
mineral lattice and sorbate configuration determine AG of adsorp-
tion not only via shifts in AH, but also via modulations of AS. Yet
the consequences of sorption thermodynamics for OC persistence
in soil requires AG values for the adsorption of a larger range of
organic compounds to different minerals in combination with in-
cubation experiments with isotope-labeled organic compounds.

In an initial application of this approach, we found that up to
71% of citric acid adsorbed to goethite (Goe-93 in this study) was
inaccessible to microbes when incubated in arable topsoil, while
only 36% of goethite-adsorbed salicylic acid remained inaccessi-
ble (Konrad et al. 2025). This suggests that the AG of sorption of
approximately —21kJ mol~! does not represent an energetic bar-
rier in soil systems that completely prevents the biological pro-
cessing of citrate and salicylate sorbed to goethite. Furthermore,
position-specific labeled carboxyl-C from phenylalanine and
salicylic acid coordinated to goethite showed an even higher
bio-accessibility (up to 82% of all adsorbed C) and faster miner-
alization compared to the overall molecule (Konrad et al. 2026).
Thus, adsorption via ligand-binding per se does not prevent mi-
crobial processing.

4 | Conclusions

By quantifying the thermodynamics of adsorption of citric acid
and salicylic acid to goethite, we show that higher SSA and lattice
defects strengthen binding and constrain ligand conformation.
Although ITC is sensitive to flocculation, its direct heat mea-
surements provide unique thermodynamic insight into the bind-
ing of organic ligands to minerals. These insights could improve
prediction of soil organic carbon persistence and information
on soil carbon cycling. Future work should broaden the ligand-
and mineral suite, examine pH effects, develop instrumentation
to mitigate flocculation, and integrate ITC measurements with
molecular modeling of sorption processes to improve the assign-
ment of thermodymamic data to individual sorption reactions.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Workflow from raw data
to model development. Raw calorimetric data were first imported into
OriginPro 2024b (a). Baseline shifts were corrected using the asymmet-
ric least-squares regression function (b, ¢), and the processed data were
exported as .txt files to NanoAnalyze. In NanoAnalyze, titration steps
and experimental parameters were defined, and blank titration data
were subtracted (d). The resulting, blank-corrected data served as the
basis for model building (e). Figure S2: Thermograms and independent
one-site model fits of citric acid adsorption at pH 5.5 to goethite with a
surface area of 119.56 m?g~! with different inputs for the concentration
of sorbent: top shows stoichiometry n as binding sites goethite per m?
surface area with concentration of sorbent expressed in the unit [m?
mineral surface L~!]. The bottom model uses the stoichiometry from
the top shown model [umol m~2] multiplied by the mineral surface
area per liter suspension to yield the sorbent concentration in the unit
[wmol binding sites L~!] as input. The thermodynamics derived from
both models are identical, with n from the first model (top) giving the
sorption capacity, while the second models n yields the typical, unitless
1:1 binding stoichiometry. Figure S3: Linear regression between spe-
cific surface area and full width at half maximum of the 110 diffraction
peak (FWHM,,,) of the goethite samples used for this study. Figure
S4: Agitator modifications to overcome flocculation of mineral suspen-
sion during titration experiments. Left shows double-stacked standard
agitators with shortened shafts from TA Instruments Inc. (Newcastle,
Delaware, USA). Right shows 3D-printed helical polypropylene agitator.
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