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Dissolution Controlled Domain,

ABSTRACT: Dissolved organic matter (DOM), being the most reactive soil
organic matter (SOM) fraction, affects key biogeochemical processes in soil like
nutrient cycling, pollutant transport, and organic carbon sequestration.
Quantitative understanding of physical-chemical processes regulating the release
of DOM in response to variation in factors such as pH and Ca concentration is
still Jacking. Here, we conducted batch experiments and employed the Natural
Organic Matter-Charge Distribution (NOM-CD) model and the Non-Ideal
Consistent Competitive Adsorption-Donnan (NICA-Donnan) model to inves-
tigate the physical-chemical processes controlling DOM release in seven
agricultural topsoils under varying pH (3—9) and Ca concentration (0—10
mM). The DOM fractionation results showed that while hydrophilic acid (Hy),
fulvic acid (FA), and humic acid (HA) concentrations increased with pH, their
contribution to total DOM differed: Hy and HA dominated at respectively low pH
(~4—6) and high pH (~8-9), whereas FA peaked at near-neutral pH (~6.5—7). Our NOM-CD model calculations revealed that
changes in the DOM concentration at low pH (pH < ~5—6.5) were mainly due to OM desorption from soil minerals. Changes in
the DOM concentration at high pH (pH > ~5—6.5) were predominantly controlled by OM dissolution, as demonstrated by the
relation between the DOM concentration and Donnan potential (¢,) of DOM calculated with the NICA-Donnan model. Based on
these findings, we propose a conceptual Dual-Domain Desorption Dissolution model in which the relative importance of these two
controlling mechanisms is quantitatively assessed for the first time. These insights will be helpful to better quantify soil management
effects on the stability and functioning of SOM.

KEYWORDS: soil organic matter, dissolved organic carbon, chemical fractionation, supramolecule, carbon sequestration,
surface complexation modeling
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1. INTRODUCTION decrease in SOM and a concomitant increase in the
concentration of DOM in surface waters have been observed
in Europe and North America.">~" These observations have
been linked to a reduction in atmospheric acid deposition and
soil-calcium (Ca) depletion as a key factor in decreasing the
ionic strength of soil solution."*'® Hence, a thorough
understanding of the processes governing the release of
DOM from soil is crucial to support the development of
measures to mitigate losses of DOM and associated pollutants
from soil to aquatic ecosystems and to enhance soil organic
carbon sequestration.

Dissolved organic matter comprises complex and heteroge-
neous compounds with a range in molecular weight and other
properties such as charge, aromaticity, and hydrophobicity.'”"*

Dissolved organic matter (DOM), being the most mobile and
active fraction of soil organic matter (SOM), consists of
various compounds derived from plant litter, root exudates,
and microbial biomass, varying in different stages of
degradation."™ The release of DOM from soil to solution
exerts a substantial influence on a diverse array of
biogeochemical processes in soil such as cycling of carbon,
nitrogen, and phosphorus as well as the transport of these
nutrients to aquatic ecosystems where they can contribute to
eutrophication.*”” Furthermore, DOM facilitates the transport
of pollutants such as heavy metals, pesticides, microplastics,
and polyfluoroalkyl substances (PFAS). For instance, adsorp-
tion of DOM onto microplastic surfaces can potentially
increase their hydrophilicity and enhance their mobility.®

Likewise, the interaction between DOM and PFAS, either via a Received: December 6, 2024
competition effect for binding to reactive surfaces of soil metal- Revised: ~ May 9, 2025
(hydr)oxides or via the formation of soluble DOM-PFAS Accepted: May 9, 2025
complexes, can enhance the mobility of these pollutants.”"’ Published: May 21, 2025
Soil is the largest terrestrial carbon pool and plays a key role in
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the global carbon cycle. However, over the past decades, a
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Dissolved organic matter has been operationally fractionated
into humic acids (HA), fulvic acids (FA), hydrophobic neutrals
(HON), and hydrophilic compounds (Hy), based on their pH-
dependent hydrophilic and hydrophobic properties.'” Despite
the debate regarding the existence of these fractions in soils,
their properties do well reflect the heterogeneity of SOM.”>*!
The generally observed variation in the relative contribution of
these fractions to total DOM for soils with different
properties>>® may reflect different mechanisms dominating
their release to solution. Within these fractions, FA and HA
can interact strongly with soil metal-(hydr)oxides due to their
high density of carboxylic- and phenolic-type functional
groups, which strongly influences adsorption of oxyanions
(e.g, phosphate) to these reactive surfaces as a result of
competition.”*™>” The HON fraction is more hydrophobic
than FA and is often quantified together with FA in
fractionation procedures.””*® Among all DOM fractions, Hy
is the most soluble fraction due to its low molecular weight,
and is more mobile in leaching processes. The Hy fraction
consists of various types of easily soluble organic compounds,
such as Jow molecular weight organic acids, amino acids, sugar,
and proteins.” Specific hydrophilic acids like citric acid have
been observed to adsorb onto soil oxides,®” similar to FA and
HA. At low pH or in the presence of multivalent cations, HA
can coagulate and precipitate.’’ The formation of supra-
molecular arrangements has recently been proposed to play an
important role in determining the structure and properties of
humic SOM fractions in which different components of
relatively low molecular mass form larger organic matter (OM)
associations through hydrophobic interactions, cation bridges,
and H-bonds.*”*” The formation of these supramolecular
associations, influenced by soil properties like pH and the
presence of multivalent cations,>"** likely contributes to the
adsorption and coagulation processes of OM, which, in turn,
control DOM formation and release.

Surface complexation modeling (SCM) is a sophisticated
approach to simulate the physical-chemical processes describ-
ing the binding of ions at the surface of mineral and organic
adsorbents.”>*°™>® For instance, the Natural Organic Matter-
Charge Distribution (NOM-CD) model* has been developed
to incorporate the effects of natural organic matter (NOM) on
ion adsorption to minerals. By simulating solid-solution
distribution of phosphate, the amount of NOM adsorbed in
the compact part of electric double layer (EDL) can be
calculated.>*° On the other hand, the Non-Ideal Consistent
Competitive Adsorption-Donnan (NICA-Donnan) model®’
can be applied to describe the properties of humic substances
in relation to variation in pH, solution composition, and
specifically and nonspecifically bound cations. In a study of
Weng et al.’' coagulation and precipitation of a purified HA
were found to depend on the Donnan potential (¢p) resulting
from the residual charge of the HA as calculated using the
NICA-Donnan model. The similar results were reported by
Osté et al.*® who found a linear relationship between the
logDOC concentration and the ¢@p of DOM in soil
suspensions with a range in pH and Ca concentrations for
eight acidic to neutral soils. These studies illustrated the
importance of coagulation/dissolution in determining DOM
release.

In the soil solid phase, OM exists simultaneously in different
states, including particulate plant residues and decomposed/
“humified” OM that can occur in coagulated or aggregated
forms and can be adsorbed to minerals."’ Organic matter
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associated with minerals is known to be better protected
against microbial degradation than other OM pools, and plays
an imzportant role in long-term soil organic carbon sequestra-
tion.*” Therefore, mobilization of OM from different pools has
consequences for organic carbon storage in soils. Soil
properties such as pH and Ca concentration influence both
adsorption and coagulation of OM.”"****** Multivalent
cations (e.g, Ca**) can decrease the level of DOM in solution
by promoting aggregation of OM and/or enhancing its
adsorption onto negatively charged minerals via cation
bridging and electrostatic effects.”**~* An increase in pH
reduces the positive charge of soil oxides and increases
electrostatic repulsion between OM molecules, both of which
might lead to the release of DOM via desorption or
dissolution.”*® According to Kaiser and Kalbitz*® the
concentration and composition of DOM are regulated by a
sequence of processes including adsorption/desorption to/
from reactive minerals, precipitation/dissolution, and microbial
transformation. It is, however, unclear to which extent DOM is
mobilized in soil by adsorption/desorption or coagulation/
dissolution processes when pH and Ca concentration of a soil
are subject to change. Quantifying the contribution of these
processes to the release of DOM from soil to solution when
these conditions change thus remains a challenge.

The objectives of this study are to quantify (1) the effects of
pH and Ca on the concentration and composition of DOM in
terms of its hydrophilic and humic components as operation-
ally defined by a standard fractionation method (Hy, FA,
HON, and HA) in a series of batch experiments,'” (2) the
solution conditions under which the release of DOM is
controlled by adsorption/desorption or coagulation/dissolu-
tion processes. For the series of batch experiments, three soil
samples were selected from a collection of representative
Dutch agricultural topsoils."” The data set of our series of
batch experiments was complemented with an additional data
set of four soil samples from Weng et al."® who did similar
batch experiments as those conducted here. Next, we
quantified the contribution of adsorption/desorption to the
release of DOM using the NOM-CD model,”® whereas the ¢,
of DOM calculated with the NICA-Donnan model®” was used
as input for the empirical model of Weng et al.>' to assess the
importance of coagulation/dissolution in DOM release. Based
on our findings, a conceptual Dual-Domain Desorption
Dissolution model is proposed to describe the state and
compositional change of both SOM and DOM under varying
soil solution conditions. This study, to our knowledge, will be
the first time quantify the different processes controlling DOM
release from soil in response to changes in the pH and Ca
concentration.

2. MATERIALS AND METHODS

2.1. Soil Samples. Three soil samples (referred to as soil
10, 11, and 12) were selected from a collection of
representative Dutch agricultural topsoils, known as the
Copernicus soil series.”” These soil samples were used in the
series of batch experiments conducted in this study to quantify
the effects of pH and Ca on the concentration and
composition of DOM in solution (see Section 2.2). The data
set from these batch experiments was complemented with a
data set from Weng et al.* who did similar batch experiments
for four other soil samples taken from the same Copernicus
soil series.”” The four soil samples of Weng et al."* are referred
to as soil 3, 4, 9, and 18. An overview of the properties of all
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seven soils including those of Weng et al.** is given in Table S1
of the Supporting Information (SI). The seven soil samples
cover a range in pH (4.5-5.6) and SOC (2.1—-14%).
Furthermore, they vary in the amounts of Fe- and Al
(hydr)oxides, which form the major reactive surfaces
controlling mineral-associated OM, and they vary as well in
the phosphate (PO,) loading of these oxides, calculated as the
molar ratio between the amount of total reversibly bound PO,
and the summed amounts of these metal-(hydr)oxides (0.06—
0.22).%

2.2. Batch Experiments and DOM Fractionation. For
the series of batch experiments with soil 10, 11, and 12 as
conducted in this study, soil suspensions were prepared at a
solid-to-solution ratio of 0.1 kg/L in three different back-
ground solutions (i.e., 30 mM NaCl, 2 mM CaCl,, and 10 mM
CaCl,) across a pH range of 4—9. Furthermore, Cu was added
as a probe ion to each suspension at a concentration of 5 mg/L
in the form of CuCl, to assess the metal binding capacity of
DOM. The results of the metal complexation capacity of DOM
will be reported in a forthcoming publication. The pH of each
suspension was adjusted to and maintained at the desired level
by adding appropriate amounts of acid or base (0.1 M HCl and
0.1, 1, or 3 M KOH). The suspensions were equilibrated for 10
days by gentle horizontal shaking (3$ strokes per minute) in a
conditioned room at 20 °C. More details on the preparation of
the soil suspensions can be found in Section S2 of the SI

After 10 days of shaking, the final pH was measured in each
soil suspension. Thereafter, the suspensions were centrifuged
at 3000 rpm for 20 min, followed by 0.45 um membrane
filtration (Aqua 30/0.45 CA Whatman) and subsequent
chemical analysis. The dissolved organic carbon (DOC)
concentration was measured by a segmented flow analyzer
(SFA-TOC; SKALAR San++). The P-PO, concentration was
measured colorimetrically™ by a segmented flow analyzer
(SKALAR San++). The dissolved Ca concentration was
determined using ICP-AES (Thermo Scientific iCAP6500),
whereas the dissolved Cu concentration was measured using
either ICP-AES or HR-ICP-MS (Thermo Scientific Element
2). To gain a quantitative insight in the DOM composition,
DOM was fractionated into Hy, FA, HON, and HA based on
their pH-dependent hydrophilic and hydrophobic properties
using the rapid batch technique of Van Zomeren and
Comans."” More analytical details of this technique can be
found in Section S3 of the SI.

For the data set based on the batch experiments with soil 3,
4,9, and 18 taken from Weng et al,*® the same experimental
approach was followed as outlined above. In their work,
however, only one background solution of 10 mM CaCl, was
used without the addition of CuCl,. Furthermore, Weng et
al.*® performed the same chemical analyses as those performed
in our batch experiments with soil 10, 11, and 12 without using
the rapid batch technique'” to fractionate DOM.

2.3. Modeling Approach. 2.3.1. Coagulation/Dissolu-
tion. In the previous study of Weng et al.’' in which the DOM
concentration in solution was controlled by coagulation/
dissolution, an empirical model was derived that describes the
linear relationship between the log DOC concentration and the
@p of DOM. In their approach, the NICA-Donnan model®’
was used to calculate the ¢, of the DOM in solution. In the
current study, we used a similar approach. This calculation was
performed using two different scenarios regarding the reactivity
of DOM in solution and in both scenarios, all DOM was taken
into account. In scenario 1 and 2, the NICA-Donnan model
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parameters of either generic FA or generic HA were used. For
each scenario, the corresponding DOM concentration in
solution was calculated by multiplying the DOC concentration
by a factor of 2, because half of the DOM was taken to consist
of carbon.’’ As input for the NICA-Donnan calculations, the
measured pH and dissolved Ca and Cu concentrations (Figure
S1) were used. The ambient partial pressure of CO, (pCO,)
was set to 39.8 Pa. The dissolved Na and Cl concentrations
were set equal to those of the imposed background
concentrations. The dissolved K concentration was calculated
from the volume of KOH added for adjusting the pH of the
suspensions. The effects of Fe** and AI’** on the ¢, of DOM
were taken into account by using their activities that were
calculated from the solubility of Fe(OH); (log K, = —38.46)
and Al(OH); (log K, = —33.96). Depending on the scenario,
the DOM was assumed to behave either as generic FA
(scenario 1) or as generic HA (scenario 2). Generic NICA-
Donnan model parameters for the binding of Ca, Cu, Al, and
protons to HA or FA were taken from Milne et al.”>** For Fe
binding to FA, NICA model parameters were adopted from
Hiemstra and van Riemsdijk.’4 Next, the ¢, of DOM
calculated with the NICA-Donnan model for the two above
given scenarios was used as input for the empirical relationship
derived by Weng et al.’' to explore the possible role of
coagulation/dissolution in regulating DOM release.

2.3.2. Adsorption/Desorption. Organic matter and PO,
bind competitively to the reactive surface of the soil solid
phase, which is usually dominated by binding to Fe- and Al-
(hydr)oxides.” Here, the amount of adsorbed NOM was
derived by simulating the solid-solution distribution of PO, as
measured in the soil batch experiments conducted in this study
as well as in the study of Weng et al.*® In the NOM-CD model,
the Charge Distribution and MUIti-SIte Complexation CD-
MUSIC model®® was used to describe the reactivity and
electrostatics at the surface of oxides, while the Extended Stern
electrostatic model was used for the compact part of the
EDL.*® In the Extended Stern model, there are two Stern
layers, the first one between the surface plane (0-plane) and
first outer-electrostatic plane (1-plane) and the second
between 1-plane and 2-plane (second outer-electrostatic
plane).’® In the NOM-CD model, a virtual NOM molecule
(=FeNOM) is included to represent adsorbed OM present in
the Stern layers. Each virtual NOM molecule contains two
carboxylic groups, which can be present in the form of an
inner-sphere, an outer-sphere, or a protonated inner-sphere
complex.” Ferrihydrite (Fh) was used as a proxy for the metal-
(hydr)oxides in all seven soils used in the current study.
Recently, Mendez et al.>’ showed that for a set of 19 Dutch
agricultural topsoils including the seven soils used in the
current study, the reactivity of the natural metal-(hydr)oxides
was better described by using Fh as a proxy than by well-
crystallized goethite. The effective reactive surface area (RSA)
and the amount of total reversibly bound PO, (R-PO,) from
Mendez et al.’”” (Table S1) were used as input in the NOM-
CD model. In the study of Mendez et al.,”” PO, was used as a
native probe ion to derive the RSA as well as R-PO, for all
seven soils used here, based on Fh as a proxy for the PO,
adsorption behavior of soil oxides. Other input for the NOM-
CD model calculations included measured pH and the
dissolved Ca concentration in solution as well as the dissolved
Na and Cl concentrations as added with the background
solutions. The presence of Ca was taken into account as the
adsorption of PO, to Fh is found to be enhanced in the
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Figure 1. Dissolved organic carbon (DOC) concentration as a function of pH. Results for soil 10 (a), 11 (b), and 12 (c) are from the series of
batch experiments performed in this study with three different background solutions (30 mM Na, 2 mM Ca, and 10 mM Ca). Data for soil 3, 4, 9,
and 18 (d) were taken from Weng et al.*® who used only one Ca background concentration of 10 mM.

presence of adsorbed Ca and vice versa.”” Consequently, the
presence of Ca in our CD-NOM calculations will influence the
amount of adsorbed NOM that is derived in our model
calculations. The formation constants for complexation
reactions in solution and reactions taking place at the oxide
surface including surface species, charge distribution, and
affinity constants (logK) for Fh are presented in Tables S2 and
S3 of the SI, respectively. The amount of adsorbed NOM was
iteratively optimized to predict the dissolved PO, concen-
tration as measured in solution.*”

In the NOM-CD model, the amount of surface-bound OM
is expressed as a surface species density in ymol =FeNOM/
m?, with each =FeNOM molecule containing two carboxylic
groups.” In order to quantitatively compare the change in the
amount of surface-bound OC with the measured change in the
DOC concentration in solution, the fitted molar surface
density of =FeNOM (expressed as ymol =FeNOM/m?) was
rescaled to a mass of carbon per unit mass of soil. For this
conversion, generic FA was used as an analog of adsorbed
NOM, because adsorbed FA is mostly present in the Stern
layers,””*® similar to =FeNOM in our NOM-CD model
calculations. Based on the site density of carboxylic-type
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groups and the carbon content of generic FA (site density =
5.88 mol/kg,** C content = 45%) and the RSA (m?/g soil) of
the seven soil samples (Table S1), the fitted molar surface
density of =FeNOM was converted from gmol =FeNOM/
m? to mg C/g soil.

All calculations with the NICA-Donnan model and NOM-
CD model were performed using the software ECOSAT>” and
the flowchart of the two models’ calculation procedures was
presented in Figure S2 of the SI.

3. RESULTS AND DISCUSSION

3.1. Effects of pH and Ca on the DOC Concentration
and Composition. In Figure 1, the DOC concentration is
presented as a function of pH at the three background
solutions for soil 10, 11, and 12 as used in the series of batch
experiments performed in the current study (Figure la—c).
The DOC concentration increased with pH and decreased
with Ca background concentration. The increase in DOC
concentration with pH is generally more pronounced when the
pH is above ~6.5. Likewise, the effect of Ca background
concentration is more pronounced at a relatively high pH. For

https://doi.org/10.1021/acsearthspacechem.4c00377
ACS Earth Space Chem. 2025, 9, 1377—-1391
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Figure 2. Concentrations (a—c) and proportions (d—f) of the Hy, FA, HON, and HA fractions constituting dissolved organic carbon (DOC) as a
function of pH at the three different background concentration (30 mM Na, 2 mM Ca, and 10 mM Ca) for soil 10. The results of soil 11 and 12 are

present in Figure S4 of the SIL

the same pH, an increase in Ca background concentration
from 2 to 10 mM led to a greater decrease in the DOC
concentration than an increase from 0 (30 mM Na) to 2 mM
Ca. Our findings are consistent with results from previous
studies reporting an increase in the DOC concentration in
solution with an increase in pH**~®* as well as a decrease in
DOC concentration with an increase in the Ca concen-
tration.*”*> The amount of DOC expressed as a percentage of
the SOC content ranged from 0.8 to 24.1%, depending on the
pH and Ca background concentration (Figure S3). For soil 3,
4,9, and 18 taken from Weng et al,*® only one Ca background
concentration of 10 mM was used, which is the same as the
highest Ca background concentration used in our series of
batch experiments with soil 10, 11, and 12. The results of
Weng et al." are largely comparable to those of the current
study, although the DOC concentration for soil 4 and 18 did
not show a gradual increase with pH in the pH range from 3 to
6 (Figure 1).

To investigate the effects of pH and Ca on the DOM
composition, DOM of soil 10, 11, and 12 was fractionated into
Hy, FA, HON, and HA using the rapid batch technique of Van
Zomeren and Comans."” The concentration and contribution
of each fraction to the total DOC concentration are shown in
Figure 2 (soil 10) and Figure S4 (soil 11 and 12). Similar to
the DOC concentration (Figure 1), the concentrations of Hy,
FA, and HA increased with pH for the three background
solutions (Figures 2 and S4). However, the concentration of
the HON fraction, which is the lowest of all fractions
considered in the fractionation scheme used here, hardly
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changed with pH. For all three soils, the concentration of the
HA fraction increased more strongly with pH than the Hy and
FA fractions in the presence of the 0 and 2 mM Ca background
concentrations. You et al.”> found a similar result showing that
the higher molecular weight OM, especially HA, was
increasingly released from soil to solution at higher pH. The
higher Ca background concentration of 10 mM decreased the
concentrations of the Hy and FA fractions for the three soils
only slightly, whereas it strongly decreased the concentration
of the HA fraction, particularly above neutral pH. For the 10
mM Ca background concentration, the HA fraction con-
tributed on average only 4% to the total DOC concentration
across the entire pH range for the three soils. For comparison,
the HA fraction measured for the 0 mM Ca background
concentration became the dominant component of total DOC
at pH ~ 9 for soil 10, 11, and 12. In the study of Romkens and
Dolfing,* Ca addition was suggested to induce preferential
coagulation and subsequent precipitation of the HA fraction,
which may explain why the HA concentration decreased the
most with an increase in the Ca background concentration.
At the lowest pH used in our series of batch experiments,
DOC is dominated by the Hy fraction, contributing 76, 67, and
74% to total DOC for soil 10, 11, and 12 respectively (Figures
2 and S4). The contribution of the FA fraction to total DOC at
the lowest pH amounts to 31, 33, and 27% for soil 10, 11, and
12, respectively. The contribution of the HA fraction is
negligible at the lowest pH, while the contribution of the HON
fraction is below 2.6% across the entire pH range for the three
background concentrations. The Hy fraction generally contains
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Figure 3. Base-10 logarithm of the dissolved organic carbon (DOC) as a function of the calculated Donnan potential (¢p). Results for soil 10 (a),
11 (b), and 12 (c) are from the series of batch experiments performed in this study with three different background solutions (30 mM Na, 2 mM
Ca, and 10 mM Ca). Results presented in (d) are for soil 3, 4, 9, and 18 of Weng et al.*® who used only one Ca background concentration of 10
mM. Please note: ¢, plotted on the x-axis becomes more negative from the left to the right, whereas pH increases from the left to the right.
Furthermore, @p, in (d) starts at a less negative value than in (a—c), because the lowest pH in the study of Weng et al.** was ~3, whereas in our
series of batch experiments the lowest pH was ~4. The ¢ was calculated with the NICA-Donnan model using scenario 2 in which NICA-Donnan
model parameters for generic humic acid (HA) were used. The solid lines represent the fitted broken-line models. The fitted model coefficients can
be found in Table S4 of the SI. The black arrow with a number indicates the pH value for a specific data point.

low molecular weight organic solutes such as sugars and small
organic acids,” which tend to dissolve easily at both low and
high pH. For all three soils, the dominance of the Hy fraction
at low pH diminished when pH increased to ~6, ~7, and ~7.5
for the 0, 2, and 10 mM Ca background concentrations,
respectively. With a further increase in pH, the absolute Hy
and FA concentrations and their contributions to total DOC
are rather similar. The contribution of Hy fraction to total
DOC decreased with pH over the entire pH range for the three
background concentrations for all three soils. However, the
contribution of the FA fraction first increased with pH to pH
~7, which was then followed by a decrease when pH further
increased, especially for the 0 and 2 mM Ca background
concentrations. Hence, the FA contribution to total DOC
showed a maximum when the pH was close to near-neutral
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pH. The contribution of the HA fraction to total DOC
increased across the entire pH range for all three background
concentrations. However, the contribution of the HA fraction
to total DOC was nevertheless lower than the contributions of
the Hy and FA fractions with the exception of pH 8—9 for the
0 and 2 mM Ca background concentrations where the HA
fraction dominated the composition of the total DOC in
solution.

3.2. Effects of pH and Ca on the Donnan Potential of
DOM. Formation of OM coagulates or supramolecules
depends on forces of interparticle interactions, including
both attractive forces (e.g., hydrophobic interaction, H-
bonding, and cation-bridging) and repulsive forces (e.g,
electrostatic repulsion). Soil organic matter is overall negatively
charged, where a more negative charge and potential implies a
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stronger electrostatic repulsion between its constituent
molecular components, which, in turn, lowers its tendency to
form coagulates and leads to a higher solubility. Similar to
Weng et al.”>' and Osté et al,*” we used the NICA-Donnan
model to calculate the ¢, of DOM, based on the two scenarios
with different assumptions for the reactivity of DOM in terms
of FA and HA (see Section 3.1). The calculated @p, as a
function of pH and Ca background concentration was nearly
the same for both scenarios (Figure SS). For all three soils, the
@p of DOM at all Ca background concentrations became more
negative with pH. For the same pH, the ¢, was more negative
at a lower Ca background concentration. NICA-Donnan
model calculations based on scenario 1 where 100% of
DOM was taken as FA yielded a slightly more negative ¢, than
calculations using scenario 2 with 100% of DOM as HA. The
results of these calculations are consistent with the higher site
density of carboxylic-type groups on FA than on HA, leading
to a higher negative charge and ¢y, of FA at a given pH and Ca
background concentration.”

In Figure 3, the logDOC concentration measured in
solution is presented as a function of the ¢p, calculated
using scenario 2 with NICA-Donnan parameters for generic
HA. Plotting the log DOC concentration against the ¢p
calculated using scenario 1 yields similar trends as those
presented in Figure 3, because the ¢ differs only slightly
between the two scenarios (Figure S5). The logDOC
concentration at each Ca background concentration increased
when @p, became more negative for all seven soils considered
in this study. The relationships between the logDOC
concentration and @y in Figure 3 can be divided into two
linear sections on either side of a so-called change point. The
slope of the linear relationship in the section above the change
point (high pH range) is steeper than the slope in the section
below the change point (low pH range). Such data can be
fitted with a broken-line model with two linear relationships
having distinct slopes and intercepts, which are connected at
this change point. Based on this model, a good linear
relationship was found between the logDOC concentration
and @p below and above the change point for each Ca
background concentration for all seven soils used in this study
(Table S4). For the 0 and 2 mM Ca background
concentrations, a change point was observed at a ¢p of
~—0.075 V (corresponding to a pH of ~5.5—6.5), whereas a
change point for the 10 mM Ca background concentration
occurred at a ¢, of ~—0.055 V (corresponding to a pH of ~S)
(Figure 3 and Table S4). The less negative ¢, of the change
point fitted for the 10 mM Ca background concentration may
be due to a stronger effect of Ca in promoting OM adsorption
to soil than for OM coagulation, which may explain why
dissolution of OM starts to become the dominant process at a
less negative @ and a lower pH for the Ca background
concentration of 10 mM. The similar ¢p, values of the change
points for the 0 and 2 mM Ca background solutions are
consistent with the dissolved Ca concentrations that were
measured in the presence of these backgrounds. Although
different background solutions of 30 mM Na and 2 mM Ca
were used to prepare the soil suspensions, the measured Ca
concentrations after equilibration with the soils were nearly the
same (Figure S1). This can be explained by Ca desorption
from the soil solid phase to solution for the 30 mM Na
background solution and a combination of Ca desorption at
lower pH and Ca adsorption at higher pH for the 2 mM Ca
background solution. For the 10 mM Ca background solution,
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the measured Ca concentration after equilibration was
substantially higher than the Ca concentrations of the other
two background solutions, except for the highest pH (Figure
S1). The results of the broken-line model suggest the existence
of two different mechanisms that dominate the release of
DOM from soil to solution below and above the change point
in ¢y, corresponding to a pH of ~5.5—6.5 for the 0 and 2 mM
Ca background concentrations and a pH of ~5 for the 10 mM
Ca background concentration (Figure 3). When the pH is
below this change point, adsorption/desorption may dominate
DOM release, which is discussed in Section 3.3. When the pH
is above this change point, the greater increase in the log DOC
concentration with a more negative @p, can be explained by a
stronger electrostatic repulsion between the molecular
components constituting SOM, which leads to a higher
solubility of OM. This mechanism of OM precipitation/
dissolution will be discussed in Section 3.4.

Osté et al.** found strong linear relationships between the
log DOC concentration and @p in soil suspensions with a
range in pH and Ca concentrations prepared for eight acidic to
neutral soils. In contrast to our observations (Figure 3 and
Table S4), Osté et al.*” did not observe a change point in their
relationships. This may be explained by a limited range in pH
for their series of soil suspensions as they added only base to
their suspensions,”’ whereas both acid and base were added to
the suspensions of all seven soils considered in our study.
Furthermore, the slopes and intercepts of the linear relation-
ships between the log DOC concentration and ¢y, derived by
Osté et al."” differed greatly for their eight soils. The same was
found for all seven soils considered in the current study
(Figure 3 and Table S4). However, the reason behind the
observed variation in the slopes of the linear relationships
derived by Osté et al.** remained speculative so far. The
possible explanation can be found in Section 11 of the SI
Irrespective of the steepness of the slope, the change point in
the relationship between logDOC and ¢p points to the
existence of two different mechanisms dominating the release
of DOM below and above pH ~5.5—6.5 for the 0 and 2 mM
Ca background concentrations and pH ~S for the 10 mM Ca
background concentration (Figure 3), which we will further
investigate in the following Section 3.3.

3.3. Effects of pH and Ca on Organic Matter
Adsorption and Desorption. To further investigate the
mechanisms controlling the release of DOM from soil to
solution as a function of pH and Ca concentration, the amount
of adsorbed OM was calculated with the NOM-CD model.
The amount of OM adsorbed closely to the surface (in the
Stern layers) of metal-(hydr)oxides was derived as a fitting
parameter by predicting the measured dissolved PO,
concentration in solution using R-PO, and RSA (Table S1)
as model input. Subsequently, the change in the amount of
adsorbed OM as calculated by the NOM-CD model with pH
was related to the change in the DOC concentration measured
in solution for each of the three background solutions. In
Figure S7, the dissolved P-PO, concentration of soil 10, 11,
and 12 as a function of pH at the three different background
solutions is presented. The P-PO, concentration of these soils
ranges from 0.01 to 11.1 mg P/L (0.32—358 uM). The effects
of pH and Ca on the PO, concentration are discussed in
Section S12 of the SI. For soil 10, most of the measured P-PO,
concentrations are close to the detection limit (i.e., 0.02 mg P/
L), especially when pH < 7, which can be largely explained by
the low PO, loading of this soil (Table S1).
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Figure 4. Surface-bound organic matter (OM) (left y-axis) as a function of pH calculated with the NOM-CD model. Organic matter adsorption for
soil 10 (a), 11 (b), and 12 (c) was calculated at three different background solutions used in the current study (30 mM Na, 2 mM Ca, and 10 mM
Ca), whereas OM adsorption for soil 3, 4, 9, and 18 (d) of Weng et al.*® was only calculated for a background concentration of 10 mM Ca. In the
NOM-CD model calculations, ferrihydrite (Fh) was used as a reference soil oxide to predict the measured PO, concentration in solution with the
soil-specific effective reactive surface area (RSA) and reversibly bound PO, concentration (R-PO,) from Mendez et al.*’ (Table S1) as model
input. On the right y-axis of (a—c), the amount of adsorbed OM is expressed as a percentage of SOM. The fraction of adsorbed OM to SOM for

soil 3, 4, 9, 18 can be found in Figure S9.

The modeled amount of surface-bound OM as a function of
pH is shown in Figure 4 for all seven soils considered in this
study, revealing a “V”-shaped pattern. Surface-bound OM first
decreases when pH increases from acidic to near-neutral pH
conditions, followed by an increase when pH increases to
alkaline pH conditions, resulting in a minimum in surface-
bound OM at pH ~5 to 7. This minimum in surface-bound
OM is found at a relatively low pH of ~5—6 for soils with
relatively high SOC content (soil 10 and 11; Table S1), but
shifts toward a higher pH of ~7 for the other soils exhibiting a
lower SOC content. When 10 mM Ca was used as a
background solution, a drop in surface-bound OM was
observed at pH ~ 9 for the soils with a relatively low SOC
content (soil 12, 3, 4, and 18). These soils have a relatively
high PO, loading (Table S1), which may have led to the
precipitation of calcium phosphate minerals.** Consequently,
this may have led to modeling artifacts when deriving surface-
bound OM due to the lack of a direct relation between the
adsorption of OM on the surface of soil oxides and the
concentration of PO, in solution.

When the pH increases from acidic (~3—4) to less acidic to
neutral pH conditions (~5—7), the amount of surface-bound
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OM decreases with pH. As a result, surface-bound OM desorbs
from the reactive surface of soil oxides, thus releasing DOC to
the solution. However, surface-bound OM increases again with
pH above a pH of ~5—7 until a pH of ~9. This may be
attributed to the fact that some DOM fractions released by the
dissolution process may be readsorbed onto soil minerals.
Therefore, desorption of surface-bound OM cannot explain the
increase in the DOC concentration in solution in the high pH
range (Figure 1). Instead, dissolution of coagulated and
precipitated OM is more likely to control DOC release in this
pH range. This interpretation is further strengthened by the
observed change point in the relationship between the
measured log DOC concentration in solution and ¢, (Figure
3 and Table S4) above which the logDOC concentration
increased more strongly with a more negative ¢, (Figure 3).
Hence, this change point may indicate a transition from a
domain where adsorption/desorption dominates the release of
DOM to a domain where coagulation/dissolution becomes
more important. In Sections 3.4 and 3.5, we will quantitatively
analyze the contributions of these two mechanisms to the
change in the measured DOC concentration in solution as a
function of pH and Ca background concentration.
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Figure S. Base-10 logarithm of the concentrations of total dissolved organic carbon (DOC) and humic acid (HA) as a function of the Donnan
potential (¢p) calculated with the NICA-Donnan model for soil 10 (a—c), 11 (d—f), and 12 (g—i) at three different background solutions (30 mM

Na, 2 mM Ca, and 10 mM Ca). The ¢, was calculated based on using NICA-Donnan parameters of generic HA for proton and cation binding.

52,53

The black line indicates the DOC concentration calculated using the empirical relationship derived based on the coagulation/dissolution behavior
of purified HA (eq 1).*' The orange arrow with the number indicates the pH value of a specific data point near the change point in @p, (Figure 3).

3.4. Coagulation/Dissolution Controlled DOM Re-
lease. Based on the ¢ of DOM calculated with the NICA-
Donnan model, an empirical equation (eq 1) was derived by
Weng et al.’' from batch experiments to quantify the
coagulation/dissolution behavior of a purified HA

log (DOC) = —52.0¢p, — 1.85 (1)
where the DOC concentration is expressed in mg C/L and the
@p is given in V. The total DOC and HA concentrations of soil
10, 11, and 12 as measured in our series of batch experiments
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are compared with the log DOC concentration calculated from
@p by using eq 1 in Figure S. The @p, used here was calculated
with the NICA-Donnan model based on scenario 2 in which
100% of the measured DOC concentration was assumed to be
HA (Figure S). The same comparison was made for soil 3, 4, 9,
and 18 from Weng et al.** (Figure S8). For these soils,
however, no HA fractionation data are available. For this
reason, the log DOC concentration calculated using eq 1 was
only compared with the measured total DOC concentration
for these soils. For soil 10, 11, and 12, the measured total DOC
concentrations above the change point in ¢ (Figure 3 and
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Table S4) corresponding to the high pH range agree
reasonably well with those predicted by eq 1 (Figure $),
except for the 10 mM Ca background concentration. For this
background concentration, the measured total DOC concen-
trations are higher than those predicted using eq 1. In addition
to the HA fraction, the Hy and FA fractions also significantly
contribute to the total DOC concentration (Figures 2 and S4).
For the high pH range and the 10 mM Ca background
concentration of soil 10, 11, and 12, the contributions of the
Hy and FA fractions to the total DOC concentration are larger
than the contribution of the HA fraction, except for soil 11 at
the highest pH of ~9 where the contributions of the Hy, FA,
and HA fractions to total DOC are quite the same.

It has been proposed that different OM fractions varying in
molecular mass and solubility may form larger OM
associations of supramolecular structures.””*’ It is very likely
that supramolecular aggregates become more dispersed and
release DOM at high pH as a result of an increase in
electrostatic repulsion, explaining why the total DOC increases
when the ¢p becomes more negative (Figure 3). Disintegra-
tion of supramolecular aggregates can subsequently result in
the release of different smaller components, which may be
operationally identified as HA, FA, or Hy based on their pH-
dependent solubility and hydrophobic properties."” This
explains why the concentrations of all DOM fractions, not
only that of HA, but also those of Hy and FA, increase in the
high pH range (Figures 2 and S4). Van Zomeren and
Comans'” have shown that at low DOC concentrations in
solution, a significant fraction of DOM prepared from purified
HA can be operationally identified as FA and Hy, confirming
that disintegration of HA (supra)molecules can occur. The
increase of Ca background concentration suppresses especially
the release of HA-like OM fractions from supramolecular
structures.”’ This explains why the contribution of the HA
fraction to total DOC decreases with an increase in the Ca
background concentration in Figures 2 and S. At the 0 and 2
mM Ca background concentrations, DOM is dominated by
HA at high pH and the measured total DOC concentration
agrees reasonably with DOC concentration predicted by eq 1
in this pH range. However, at the Ca background
concentration of 10 mM, DOM largely consists of Hy and
FA (Figures 2 and S4), and the DOC concentration predicted
with eq 1 is lower than the measured total DOC concentration
but higher than the measured HA concentration for all three
soils (Figure S). The comparison of the measured total DOC
concentration with the DOC concentration as predicted by
using eq 1 for soil 3, 4, 9, and 18 from Weng et al.** (Figure
S8) yields the same observations as for soil 10, 11, and 12
(Figure S). Hence, coagulation/dissolution is likely the
principal mechanism governing the release of DOC in the
high pH range when the pH is >~5—6.5. However, eq 1 was
derived based on coagulation batch experiments using one
single purified HA isolated from forest floor material.’'
Purified humic acids isolated from different sources may differ
in properties such as the density of carboxylic- and phenolic-
type groups and the affinities of cations to bind to these
functional groups.”>® Consequently, the ¢p of the DOM
released to solution for our soils at any given DOC
concentration may differ from the ¢y of the purified HA of
Weng et al,’’ thus possibly causing a deviation of our
experimental HA data for soil 10, 11, and 12 from the
log DOC concentration as calculated with eq 1.
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In the low pH range, the DOC composition is dominated by
the Hy and FA fractions, which are more soluble than HA
under these pH conditions (Figures 2 and S4). For this low pH
range, adsorption/desorption processes are, therefore, more
likely to control DOM release, which we will quantitatively
analyze in Section 3.5.

3.5. Adsorption/Desorption Controlled DOM Release.
The amount of surface-bound OM in the Stern layers was first
compared to SOM (Figures 4 and S9). The ratio of surface-
bound OM to SOM ranges from 4.5 to 9.6% for soil 11, 2.5—
4.7% for soil 10, 0.7—15.9% for soil 12, and 4.0—31.3% for soil
3, 4, 9, and 18. For the 10 mM Ca background concentration
at pH ~ 4, a higher surface-bound OM to SOM ratio (>13%)
was observed in soils 3, 4, 12, and 18, which have a relatively
low SOC content (<3.7%; Table S1). In contrast, a lower
surface-bound OM to SOM ratio (<11%) was found in soils 9,
10, and 11, which have a relatively high SOC content (>5.0%;
Table S1). However, surface-bound OM derived using the
NOM-CD model is an estimate of the amount of OM present
in the Stern layers, which have a thickness of about 0.8 nm,’é
and are close to the surface of metal-(hydr)oxide minerals. In
soil, normally more than half of SOM is associated with soil
minerals, while less than half is composed of particulate
organic matter (plant residues).”* Clearly, the contribution of
the amount of surface-bound OM to SOM as found in our
study is lower than what is usually found for mineral-associated
OM, because OM bound at a greater distance from the surface
in the diffuse layer (DL) is not included in the amount of
surface-bound OM.

Since the NOM-CD model optimizes the amount of
adsorbed OC by predicting the dissolved PO, concentration
measured in solution, it cannot directly predict the DOC
concentration in equilibrium with adsorbed OC. However, we
can compare the change in surface-bound OC (A=FeNOM)
with the change in the measured DOC concentration
(ADOC) when the pH changes for the three Ca background
concentrations. To do this, the lowest pH of ~4 as used in our
series of batch experiments was taken as a reference. The
A=FeNOM at each discrete pH in the range between pH ~ 4
and the pH where surface-bound OM began to increase with
pH (Figure 4), where adsorption/desorption is assumed to
dominate the release of DOM, was calculated by subtracting
the amount surface-bound OC from the amount of surface-
bound OC at pH ~ 4 to quantify the amount of OC released
by desorption. Similarly, ADOC was calculated by subtracting
the DOC concentration measured at pH ~ 4 from the
measured DOC concentration at each discrete pH in the range
until the pH was reached at which surface-bound OM
increased again (Figure 4). The quantitative comparison
between A=FeNOM and ADOC for soil 10 and 12 is
presented in Figure 6. The results of soil 11 are not included
because coagulation/dissolution processes, likely resulting
from by its higher SOC content (Table S1), appear to control
DOM release over a wider pH range, potentially starting
already at pH ~ S (Figure 4). Although only a limited number
of data points are available for this analysis, the results show a
positive linear relationship between A=FeNOM and ADOC
in soil 10 and 12. Hence, the change in the DOC
concentration in the low pH range likely originates from
adsorption/desorption of surface-bound OM. However, the
A=FeNOM is on average 5.7, 6.4, and 23.5 times larger than
ADOC for the 0, 2, and 10 mM Ca background solutions,
respectively (Figure 6). This can be explained by a change in
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Figure 6. Relation between the change in modeled surface-bound
organic carbon (A=FeNOM) and change in measured dissolved
organic carbon concentration (ADOC) in solution for soil 10 and 12
at three different background solutions (30 mM Na, 2 mM Ca, and 10
mM Ca). Both A=FeNOM and ADOC are expressed in the same
unit to facilitate a quantitative comparison. The A=FeNOM at
different pH values in the range between reference pH ~ 4 and the
pH where surface-bound OM began to increase with pH (Figure 4)
was calculated by subtracting the amount of surface-bound OC at a
certain pH from that at the reference pH ~ 4. Likewise, the ADOC
was quantified by calculating the increase in the measured DOC
concentration at each pH relative to the lowest pH ~ 4. The solid line
is the fitted linear regression model, whereas the dashed red line is the
1:1 line.

the molecular conformation of the adsorbed OM. As pH
increases, the conformation of adsorbed OM may change from
flat on the surface of metal-(hydr)oxides to a more spherical-
like conformation,”® extruding out of the compact Stern layers
but still remaining in the DL.*>*” Consequently, a part of the
A=FeNOM is not released to solution, but is retained in the
DL, explaining why A=FeNOM is higher than ADOC. Using
a mass density for surface-bound OM of 1250 X 10° g/m’
combined with the RSA (Table S1),*’ the OM that was
desorbed from the surface of metal-(hydr)oxides but was
retained in the DL can contribute to a flat thickness of 0.01—
0.4 nm for soil 10, 11, and 12 for the three Ca background
concentrations, which is clearly less than the thickness (~0.8
nm) of the Stern layers. On average, the largest difference
between the A=FeNOM and ADOC was observed in 10 mM
Ca background solution, which can be explained in two
different ways. One explanation is that Ca bridging promotes
the adsorption of desorbed surface-bound OC in the DL as
mentioned above.*”°® The other is that OM desorbed from
the surface of soil oxides coagulates with Ca, thereby reducing
the DOC concentration through precipitation.*

For soil 3, 4, 9, and 18 from Weng et al,*® the pH was
acidified to a lower pH level (~3) compared to soil 10, 11, and
12 used in the series of batch experiments performed in the
current study where pH was acidified to a pH of ~4. For this
lower pH of ~3, another factor that needs to be considered is
the dissolution of Fe- and Al-(hydr)oxides. A detailed
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calculation and interpretation of the contribution of the
dissolution of metal-(hydr)oxides and the release of associated
OM to the change in the measured DOC concentration for soil
3, 4,9, and 18 is provided in Section S16 of the SI. For this
reason, the correlation between A=FeNOM and ADOC in
soil 3, 4,9, and 18 was not included in Figure 6. For soil 10, 11,
and 12, however, the dissolution of metal-(hydr)oxides has a
minimal influence on the DOC concentration changes for two
reasons: (1) the lowest pH level in our series of batch
experiments was pH ~ 4 for which the dissolution of metal-
(hydr)oxides is not yet important, as we inferred from the very
low concentrations of Al and Fe that were released for soil 3, 4,
9, and 18 at this pH (Weng et al,*® Figure S10) and (2) the
measured DOC concentration of soil 10, 11, and 12 at pH ~ 4
varies between 55 and 177 mg/L, which is often higher than
the DOC concentration of soil 3, 4, 9, and 18 at this pH as it
varies between 25 and 93 mg/L. Hence, this would render the
contribution of DOC release from partial dissolution of metal-
(hydr)oxides negligible at pH ~4, even if it would occur.

4. SYNTHESIS

In this study, we investigated the mechanisms controlling
DOM release at varying solution conditions of pH and Ca
background concentration. Data collected from this study,
together with the data from a previous study of Weng et al,"®
were interpreted with two surface complexation models: the
NICA-Donnan model’” and the NOM-CD model.”> In
general, the DOC concentration increases as pH increases,
with a more pronounced effect when pH > ~6.5, but decreases
with an increase in the Ca background concentration.
Although the concentrations of the Hy, FA, and HA fractions
increase with pH, their relative contribution to total DOC
changes differently. The Hy fraction is the dominant fraction at
low pH (~4—6), but its contribution to total DOC decreases
when pH increases. The contribution of the HA fraction to
total DOC increases with pH and becomes the major fraction
at high pH (~8-9) for the Ca background solutions of 0 and 2
mM. Regarding the FA fraction, its contribution to the total
DOC concentration reaches a maximum at near-neutral pH
(~6.5—7). For the set of agricultural topsoils investigated in
this study, changes in the DOC concentration between pH
~3—4 to ~5—6.5 are mainly regulated by adsorption/
desorption of mineral-bound OM, whereas changes in the
DOC concentration when the pH is above ~5—6.5 are likely to
be controlled by coagulation/dissolution of OM. Calcium
promotes both the coagulation of OM and the adsorption of
OM to soil metal-(hydr)oxides. For a soil with a high Ca
background concentration, the coagulation/dissolution process
dominates the release of DOM over a wider range in pH.
Based on the above-described findings, we propose here a
“Dual-Domain Desorption Dissolution (4D)” conceptual
model (Figure 7) to illustrate the physical-chemical processes
governing DOM release from soil to solution as a function of
pH and Ca (and likely other multivalent cations). In the soil
solid phase, OM exists as mineral-adsorbed OM and OM in
(supramolecular) aggregates. Adsorbed OM possibly mainly
consists of highly charged and relatively small-sized OM
fractions (i.e., FA and Hy-like OM) and to a lesser extent of
less charged, larger sized, and more hydrophobic OM fractions
(i.e, HA-like OM), whereas supramolecular aggregates are
likely more dominated by HA-like OM fractions.” From acidic
to near-neutral pH conditions, desorption predominantly
controls changes in the DOC concentration in solution when
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Figure 7. Conceptual Dual-Domain Desorption Dissolution (4D) model. The physical-chemical processes regulating dissolved organic matter
(DOM) release from soil to solution is classified into a “Desorption Controlled Domain” (from acidic to near-neutral pH) and a “Dissolution
Controlled Domain” (from near-neutral to alkaline pH). DOM in soil can be fractionated based on their relative solubility into hydrophilic acids
(Hy), fulvic acids (FA), and humic acids (HA). Both Hy, FA, and HA can bind to soil minerals and be present in the Stern layers as well as in the
diffuse layer (DL). Different soil organic matter (SOM) fractions varying in molecular mass and solubility may associate, forming heteroaggregates
or supramolecular structure through hydrophobic interactions, cation bridges, and H-bonds.*>** Disintegration of the supramolecular aggregates
results in release of different components, which can be operationally identified as HA, FA, or Hy based on their pH-dependent solubility and
hydrophobic properties. Multivalent cations (e.g., Ca) can promote both the adsorption and coagulation of OM. The thickness of the arrow
represents the quantitative contribution of each process to the DOC concentration in solution.

pH and/or Ca concentration vary (Desorption Controlled
Domain). At acidic pH, DOM in solution is largely composed
of Hy and FA owing to their high solubility, while the less
soluble HA coagulated as (supramolecular) aggregates remain
largely insoluble at this pH. When the pH increases from acidic
to near-neutral pH conditions, the mineral oxide surface
becomes less attractive for adsorption of OM due to
deprotonation. Mineral-bound OM desorbs from the oxide
surface, releasing mainly Hy and FA to the solution. However,
only a part of the OM that has desorbed from the oxide surface
actually ends up in solution, as desorbed OM may to some
extent remain in the DL or the desorbed OM may coagulate
together with existing (supramolecular) aggregates (i.e, Ca
bridging). As pH increases, OM (supramolecular) aggregates
become more dispersed, releasing DOM through an increase in
electrostatic repulsion.”’ Across the near-neutral to alkaline pH
range, this becomes the dominant process controlling the
DOC concentration in solution, which is why we name this the
“Dissolution Controlled Domain”. The dissolution of supra-
molecular aggregates releases in addition to HA also smaller
associated OM fractions into solution, which can be opera-
tionally defined as FA and Hy based on their pH-dependent
solubility and hydrophobicity properties. Meanwhile, part of
these DOM fractions that are released by this dissolution
process may adsorb again onto soil minerals, reaching a new
equilibrium between adsorbed OM and DOM, explaining the
increase in surface-bound OM in this pH range (Figure 4).
The transition from the desorption-controlled domain to the
dissolution-controlled domain occurs at a lower pH for soils
with a high Ca background solution. This indicates that for
soils with a high Ca concentration, coagulation/dissolution
plays a more important role over a wider pH range, and vice
versa. In this conceptual model, pH is considered as a key
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factor in determining which process dominates the release of
DOM from soil to solution. However, the presence of
multivalent cations is also of importance. Multivalent cations
such as Ca promote OM coagulation, causing the transition
from the desorption-controlled domain to the dissolution-
controlled domain to occur at a lower pH. To apply our 4D
model to predict the transition from a desorption to
dissolution controlled domain in soil, key parameters,
including a suitable proxy for soil oxides, RSA, and OM
fractions, are required.

A range of land management practices, such as application of
lime, biochar, rock powder, and nitrogen fertilizers may
influence pH and/or cation concentrations.”” " For instance,
liming is a common agricultural practice used to counteract
soil acidification, which can change both the pH and major
cation (e.g, Ca) concentrations. Our findings suggest that a
strong increase in the pH of acidic soil may destabilize mineral-
bound OM, whereas raising the pH of weakly acidic and near-
neutral pH soils may predominantly release coagulated OM.
The effect of pH on the destabilization of mineral-protected
OC is larger for soils with a lower SOC content, leading to
further loss of stable carbon. Addition of multivalent cations, as
with liming materials, can partially suppress the release of
DOM from soil. Our conceptual 4D model gives new insights
into the physical-chemical mechanisms that control the solid-
solution distribution of OM in soil. Most importantly, our
study contributes to a better quantitative understanding of the
relative contributions of adsorption/desorption and coagu-
lation/dissolution processes in regulating DOM release under
varying soil conditions.
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