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• A novel model framework for interac
tion of organic matter and oxides is
presented.
• Size fractionation and particle confor
mational change are key parameters.
• Size fractionation depends on pH, ionic
strength, and surface loading.
• Conformational change of adsorbed
organic matter is driven by electrostatic
forces.
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Adsorption of natural organic matter (NOM) to mineral surfaces is an important process determining the envi
ronmental fate and biogeochemical cycling of many elements. Natural organic matter consists of a heterogeneous
mixture of soft and flexible organic molecules. Upon adsorption, size fractionation may occur, as well as changes
in molecular conformation. Although very important, these phenomena have been omitted in existing adsorption
models. Filling this gap, a novel framework for NOM adsorption to metal (hydr)oxides is presented. Humic acid
(HA) was used as an analog for studying experimentally the NOM adsorption to goethite and its size fractionation
as a function of pH, ionic strength, and surface loading. Size fractionation was evaluated for adsorption isotherms
collected at pH 4 and 6, showing HA molecules of low molar mass were preferentially adsorbed. This phe
nomenon was incorporated into the new model. Consistent description of the HA adsorption data over the entire
range of pH (3–11), ionic strength (2–100 mM), and surface loading (0.1–3 mg m− 2) indicated that the spatial
distribution of HA molecules adsorbed in the interface is a trade-off between maximizing the interaction of the
HA ligands with the oxide surface and minimizing the electrostatic repulsion between HA particles as a result of
interfacial crowding. Our advanced consistent framework is able to quantify changes in molar mass and mo
lecular conformation, thereby significantly contributing to an improved understanding of the competitive power
of HA for interacting on oxides with other adsorbed small organic acids as well as environmentally important
oxyanions, such as phosphate, arsenate, and others.
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and arsenate.
The objective of our study is to present a new surface complexation
model that can improve our understanding of the NOM adsorption to
oxides by including size fractionation and conformational changes.
Humic acids (HA) were used as an analog of NOM for studying the NOM
binding to mineral surfaces because of their polydispersity and hetero
geneous nature. The effect of polydispersity, or size fractionation, will be
treated by including experimental information about the mean molar
mass of adsorbed HA, experimentally assessed with size exclusion
chromatography (SEC). Conformational changes of HA will be studied as
a function of pH, ionic strength, and HA loading by evaluating the
interfacial distribution of charge with modeling of an extended data set
(Weng et al., 2007) for HA adsorption. We will show that the spatial
distribution of adsorbed HA can be understood from changes in the
electrostatic double layer profile.

1. Introduction
Natural organic matter (NOM) and metal (hydr)oxides are major
geo-colloids, and their mutual interaction may influence their role as
reactive materials in the natural environment. The interaction of NOM
with metal (hydr)oxide surfaces affects the solubility, mobility, and
bioavailability of nutrients as well as pollutants in water, sediments, and
soils (Regelink et al., 2015; Deng et al., 2019; Aftabtalab et al., 2022). In
addition, the formation of organic-mineral associations is critically
important for the long-term stabilization and storage of organic carbon
in soils, mitigating climate change (Hemingway et al., 2019; Georgiou
et al., 2022).
NOM is heterogeneous and has a polydisperse nature. It consists of
molecules with wide variations in molar mass, as well as types and
number of functional groups (Perminova et al., 2003; Hur et al., 2006).
Preferential adsorption of specific organic molecules to oxides will cause
molecular fractionation (Coward et al., 2019). NOM molecules are also
known to be flexible, which allows changes in conformation when
adsorbed to mineral surfaces (Hiemstra et al., 2013; Schmidt and Mar
tínez, 2016). Because of the complexity of NOM, insights into its prop
erties that determine the NOM adsorption to minerals as well as the
consequent effects on related environmental processes (e.g., competi
tion with important oxyanions) are still very limited. In recent decades,
considerable efforts have been made to understand the interaction of
NOM with metal (hydr)oxides using batch adsorption experiments
(Zaouri et al., 2021; Li et al., 2022), spectroscopy (Xu et al., 2020; Ly
et al., 2021), chromatography (Diep Dinh and Hur, 2018; Wang et al.,
2019), as well as modeling (Hiemstra et al., 2013; Liang et al., 2019).
However, obtaining a quantitative description and understanding of the
implications of fractionation and conformational change in NOM
adsorption is still a great challenge and has never been included yet.
Surface complexation modeling (SCM) can be used as a powerful tool
to explain and understand the interaction between NOM and minerals.
The basis of modeling is the Langmuir model, treating the adsorbate as a
single homogenous component binding to a surface with sites (Wang
and Guo, 2020), ignoring chemical heterogeneity and polydispersity.
For NOM, chemical heterogeneity has been included by developing the
Ligand and Charge Distribution (LCD) model (Filius et al., 2003; Weng
et al., 2006b, 2007). It was a major step forward to the understanding of
NOM interaction with oxide surfaces. However, polydispersity and
preferential adsorption of specific fractions leading to fractionation were
ignored. Only a single molar mass was considered for NOM which was
set equal to the mean molar mass measured. However, preferential
adsorption will change the mean molar mass of adsorbed NOM. This
molar mass of NOM appears to be influenced by factors such as pH, ionic
strength, and NOM concentration, which may be attributed to aggre
gation/disaggregation or so-called supramolecular behaviors (Gerzabek
et al., 2022). As the LCD model has shown that the molar mass is a
crucial factor for the affinity of NOM (Weng et al., 2007), it is evident
that the present model has a major inconsistency.
Another important factor in the modeling of NOM adsorption is the
spatial distribution of NOM in the interface. In the original LCD model,
the spatial distribution was set adapted to the ionic strength without
considering pH and NOM surface loading as variables. The model
neglected the possibility that NOM behaves as soft matter and that NOM
can significantly change its molecular conformation upon adsorption.
Recent works suggest that at low loading, the binding of humic acids
(HA) of different sizes is largely restricted to only the compact part of the
electrical double layer (EDL), making the competition with ions such as
phosphate very effective (Hiemstra et al., 2013). Preferential binding in
the Stern layer suggests a very large change in molecular conformation
and repositioning of the functional groups as a function of ionic strength,
pH, and NOM loading (Klučáková and Věžníková, 2017). Ignoring this
nature of adsorbed NOM and simplifying NOM to a rigid entity leads to
inconsistencies and limits the description of the competitive interaction
of NOM with environmentally important oxyanions such as phosphate

2. Materials and methods
2.1. Materials
Humic acid (HA) was prepared from Tongbersven forest soil in the
Netherlands (51◦ 34′ 46′′ N 5◦ 14′ 48′′ E) following the IHSS (International
Humic Substance Society) protocols. The HA has a carbon content of
58%. The weight-mean molar mass was measured with size exclusion
chromatography using 0.1 M phosphate buffer leading to16 kDa, in line
with literature (Table A.1) (Perminova et al., 2003; Weng et al., 2007).
The goethite material used has been described elsewhere (Xu et al.,
2020), which has a point of zero charge (PZC) of pH 9.3 and a specific
surface area (SSA) of 96 m2 g− 1. Any release of Fe by dissolution and
complexation with HA will be negligible in our experiments as follows
from the work of Hiemstra and van Riemsdijk (2006a).
2.2. Adsorption experiments
Adsorption of HA onto goethite was measured in 1.0 g L− 1 and 3.0 g
L− 1 goethite suspensions at pH 4 and 6 with a background of 0.01 M
NaCl. For the 1.0 g L− 1 goethite series, the initial HA concentrations
were ~20, 40, 60, 80, 120, 160, and 240 mg L− 1. For the 3.0 g L− 1
goethite series, the HA concentrations were ~100, 150, 250, 300, 350,
400, and 500 mg L− 1. Acid or base solution (0.1 M and 0.01 M HCl and
NaOH) was added to adjust the pH to 4.0 ± 0.2 and 6.0 ± 0.2. To
minimize the influence of CO2, the filling procedure was conducted
under moist N2 gas purging. After shaking for 7 days (Fig. A.1) in the
dark, the final pH was measured, and the suspensions were centrifuged
at 18 000 g for 30 min. The supernatants were filtered over a 0.22 μm
membrane. A preliminary experiment has shown that little HA precip
itated at a pH ≥ 3 (Weng et al., 2006a). Additionally, control samples
without goethite were used in the experiment of current study and study
of Weng et al. (2006a), and the amount of HA adsorbed was derived
from the difference in DOC in the control and in the treatment. The
collected filtrates were used for the analysis of TOC, UV light absorbance
(at 254 nm), and molecular size (molar mass).
2.3. Molecular size measurements
The average molecular size of the HA in solution before and after
adsorption was measured in the 1.0 g L− 1 goethite series using size
exclusion chromatography coupled with ultraviolet absorbance detec
tion (SEC-UVA). The molar mass of the adsorbed HA was derived from
the differences between the recorded chromatograms before and after
adsorption (Fig. A.3). Details of the method can be found in the Sup
plemental Information.
2.4. TOC and UV–vis spectroscopy analysis
The solution concentration of HA was determined with a TOC
2
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analyzer (Sievers M9, GE). TOC was derived from the difference be
tween the measured amounts of total carbon (TC) and inorganic carbon
(TIC). UV absorbance at 254 nm of HA in the solution (unbound) was
measured with a UV–Vis spectrometer (UV-6300 Double Beam Spec
trophotometer, MAPUDA). Specific UV light absorbance (SUVA254, 1 AU
L mg− 1 m− 1) of HA, reflecting aromaticity, was calculated by dividing
the measured absorbance at 254 nm with the corresponding TOC con
centration (Weishaar et al., 2003).

the Donnan phase when HA is adsorbed.
The implemented expressions that one can derive for Kp,sp and Kp,nsp
are:
∑
2
Nmax,j,l
∏∏
1−
θ
B
∑ i,j,sol ) nH,j pj }( D )Nmax,j,l
Kp,sp =
{(
(3)
1
−
θ
Bl
i,j,ads,l
l j=1
Kp,nsp = e−

In this work, an advanced consistent model framework (Fig. 1) for
HA adsorption to metal (hydr)oxides has been developed that is founded
on a series of basic principles developed with the Ligand and Charge
Distribution (LCD) model. As NOM is chemical heterogeneous at the
level of functional groups, the LCD model includes a module that is
based on the Non-Ideal Competitive Adsorption (NICA) model (Milne
et al., 2001). The module calculates the complexation of the reactive
ligands of HA with aqueous protons and metal ions as well as metal ions
that are present in the mineral surfaces. For the carboxylic ligands
(≡RCOO− ) located in the inner Stern layer region, the inner-sphere
complex formation with singly coordinated surface ligands
) of goethite was defined as:
(≡FeOH+0.5
2
0.5

 +  H2 O

(1)

The charge balances and electrostatic layer potentials on the surface
of oxides were calculated with the Charge Distribution and Multi-site
Complexation (CD-MUSIC) module (Hiemstra and van Riemsdijk,
1996) (Fig. 1). For the chemical speciation of HA in the solution, the
NICA-Donnan module was applied.
The affinity of a HA molecule is related to the number of functional
groups per molecule. This is calculated with the Adsorption and Adap
tion (ADAPT) module (Weng et al., 2006b, 2007) (Fig. 1). The
solid-solution distribution of HA is based on the free energy change,
according to:
ϕp,ads
= Kp,sp Kp,nsp ϕp,sol
1 − ϕp,ads

D

(4)

in which Nmax,j,l (mol mol− 1) is the number of type j ligands (j = 1,
carboxylic; j = 2, phenolic) per HA particle in each layer (l); nH,j, and pj
are the NICA parameters that can be found in Table A.2; θi,j,sol is the
fraction of type j ligands of HA that are complexed with component i
(protons or sites) in the solution phase; θi,j,ads,l is the fraction of type j
ligands of adsorbed HA that are complexed with component i (protons or
sites) in layer (l); Ci,bulk (mol L− 1) is the concentration of the electrolyte
ions (monovalent) in the solution, and VD (L kg− 1) is the volume of the
Donnan phase of HA in solution; Mw is the molar mass (g mol− 1) of HA;
Bl is the Boltzmann factor at each electrostatic plane where the charge of
HA is located; BD is the Boltzmann factor for the Donnan phase of HA in
solution.
The above equations express that the free energy change upon HA
adsorption is markedly related to its molar mass (Mw) and spatial dis
tribution of adsorbed particles. These determine the number of ligands
per particle (Nmax) and the charge that is distributed over the location in
the electrical double layer (EDL) profile.
A key process in the present work is particle size fractionation
(Fig. 1). The molar mass of adsorbed HA will not be constant. From SEC
measurements we have derived the change of the molar mass of
adsorbed HA, which we use as input in our model. Another key process
in the model developed is the allowance of variation in the spatial dis
tribution of HA in the interface (Fig. 1). HA will not be treated as a rigid
entity but may be subject to changes in molecular conformation
depending on the solution conditions that determine the electrostatic
potentials in the double layer profile, as will be discussed in Results and
Discussion.
The developed model based on the LCD concept consists of four
modules: NICA-Donnan, NICA-LD, CD-MUSIC and ADAPT. In the NICÃ H , nH) and Donnan (b)
Donnan module, both the NICA (Qmax, p, logK

2.5. Model development

≡ FeOH2 +0.5  +  ≡ RCOO− ⇔ FeOOCR−

Mw
Ci,bulk VD 1000
(BD +B1 − 2)

(2)

parameters are fixed (Table A.2). In the NICA-LD module, the NICA
̃ H , nH) are fixed and are the same as in the
parameters (Qmax, p, logK
̃ s,1 , nS,1 and the charge distribu
NICA-Donnan module (Table A.2); logK

where ϕp,ads and ϕp,sol are respectively the volume fraction of HA in the
adsorption phase and the solution phase. The factor Kp,sp represents the
contribution of the specific adsorption energy due to the chemical
speciation change of HA upon adsorption, and Kp,nsp represents the nonspecific adsorption energy contribution due to the release of ions from

tion (Δz0, Δz1) of carboxylic ligands for forming innersphere complexes

Fig. 1. Innovative key elements (blue) in the novel
model framework for HA adsorption. Size fraction
ation and molecular conformation are key in the
adsorption of HA, changing respectively molar mass
and spatial distribution of adsorbed HA molecules.
These processes are input in the modules of the con
structed LCD model, comprising the ADAPT, CDMUSIC, and NICA modules that calculate respec
tively the free energy change of the adsorption of HA
molecules, the interfacial distribution of charge with
corresponding electrostatic potentials, and the surface
complexation of functional groups of adsorbed HA
and singly coordinated surface groups at the metal
(hydr)oxide surface. The speciation of HA in the so
lution is calculated with a separate NICA-Donnan
module (not shown). Experimental input parameters
for the model are reactive surface area (m2 g− 1),
solution-to-solid ratio (L g− 1), initial HA concentra
tion, SEC data for molar masses of adsorbed HA, as
well as pH and ionic strength.
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with goethite are also fixed (Table A.2 and A.3). In the CD-MUSIC
module, the CD-MUSIC parameters are fixed as shown in Table A.3. In
the ADAPT module, according to Eqs. (2)–(4), the Mw of adsorbed HA is
determined experimentally; the spatial distribution (f1, f2, fd) of adsor
bed HA particles are adjustable parameters, which are regulated by the
potential-gradient and iterated subsequently in the modeling; the
average chemical state of HA in solution and adsorption phase (θi,j,sol, θi,
j,ads) have been calculated respectively in the NICA-Donnan module and
NICA-LD module; The Boltzmann factors in the Donnan phase (BD) and
at the oxide surface (Bl) are calculated respectively in the NICA–Donnan
and CD-MUSIC modules. The iterative calculation is performed with the
freely downloadable software ORCHESTRA (Meeussen, 2003)
(http://orchestra.meeussen.nl/). Different types of parameters are
summarized in Table A.4.

shown) and does not affect our conclusions. Details about measuring and
calculating the mean molar mass (Mw) are given in the Supplemental
Information.
Our fractionation experiments show that the mean molar mass (Mw)
of adsorbed HA varies (Fig. 2a). The mean molar mass of adsorbed HA
decreases when more HA is added, lowering the fraction bound. This
decrease points to a preference of goethite for HA particles with a size
smaller than average. The molar mass at 100% adsorption is by defini
tion equal to the mean molar mass of the HA added. At a lower
adsorption percentage, the mean molar mass of adsorbed HA is smaller.
This occurs at higher HA additions where a significant part of the added
HA is left in the solution, making the preferential adsorption visible
(Fig. 2b).
In Fig. 2a, the direction of an increase of HA addition with a corre
sponding decrease of the fraction adsorbed is given with an arrow.
Extrapolation to a HA addition with an extreme overdose, i.e., the
relative amount of adsorbed HA approaches zero, suggests that the
added HA has moieties with a molar mass of ~1.6 kDa. The corre
sponding mean spherical size will be ~1.6 nm if the mass density is
1250 kg m− 3. For reference, the mean molar mass of the initial HA is
~5.6 kDa, having a calculated size of 2.4 nm.
The linear relationship between the mean molar mass (Mw) and the
fraction of the adsorbed HA (HAads/HAtot) according to Fig. 2a can be
expressed as below:

3. Results and discussions
3.1. Fractionation of HA
In the previous studies with HA adsorption modeling, the molar mass
(Mw) of adsorbed HA was considered to be constant. A single Mw value
was used as measured for the added HA. However, adsorption to min
erals will induce molecular fractionation of HA due to its polydispersity
and supramolecular nature (Lv et al., 2018). To obtain information
about the fractionation in terms of molar mass, size exclusion chroma
tography (SEC) was used to measure for the 1.0 g L− 1 goethite systems
the size distribution of the HA added and left in the solution after
equilibration. SEC is most robust when based on measuring DOC (Her
et al., 2002a, 2002b), particularly if applied to aquatic NOM samples.
The detection of NOM with ultraviolet absorbance (UVA) is a good
alternative when the NOM material predominantly consists of organic
compounds with chromophores, as in humic substances extracted from
soils, particularly humic acids. For humic acids, the difference in the
average molar mass measured with a UVA and DOC detector is quite
minor (Her et al., 2002a). SEC-UVA has the advantage of rapidity,
sensitivity, and reproducibility and therefore, is widely used (Lee and
Hur, 2017; Yu et al., 2018; Ly et al., 2021).
In the present study, UV–Vis absorbance spectra in the range from
200 to 800 nm have been collected, from which the absorbance at 254
nm was chosen for the final data processing. The molar mass of the
adsorbed HA was derived from the difference between the recorded
chromatogram of the initial HA sample and that of HA remaining in
solution after adsorption. The mean molar mass depends on the applied
wavelength as shown in the literature (Yan et al., 2013). A sensitivity
analysis of our model shows that the suggested uncertainty of ±10% has
only a minor effect on the calculation of HA adsorption (results not

(5a)

Mw = Mo + k HAads/ HAtot

where Mo is the molar mass (kDa) of the most preferred HA particles in
the adsorption (Mo = 1.6 kDa), and k is the fractionation factor (kDa),
which equals the slope of the linear relationship in Fig. 2a. The value of k
expresses the sensitivity of humic material to fractionation. Consistent
modeling (next section) shows that the value of k is ionic strength
dependent.
The above relation between the mean molar mass and the fraction
adsorbed can also be linked to the concentration of HA left in the so
lution after adsorption (Fig. 2b). Applying the mass balance for the
distribution of HA between the solid and solution phase, according to:
(5b)

HAtot = HAads + ρssr CHA

one can derive Mw as a function of the HA concentration in solution (CHA
in mg L− 1), HA adsorbed (HAads in mg g− 1), and total HA added (HAtot in
mg g− 1) from Eqs. (5a) and (5b), being:
(5c)

Mw = Mo + k (1- ρssr CHA/ HAtot)
− 1

in which ρssr is the solution-to-solid ratio (i.e., 1.0 L g goethite). This
relationship is shown in Fig. 2b as a line. The calculated line illustrates
Fig. 2. Mean molar mass of adsorbed HA as a func
tion of the fraction adsorbed (a) and the HA concen
tration in the equilibrium solution (b). The mean
molar mass (Mw) in kDa was measured for systems
with 1.0 g L− 1 goethite in 0.01 M NaCl at pH 4 and 6
(symbols). The mean molar mass of the adsorbed
fraction was derived from the difference between the
SEC chromatograms (retention time 7.0–15 min, 50
Da- 50 kDa) of original HA and HA remaining in so
lution after adsorption. The dotted line in Fig. 2a is
the regression line, giving the linear relation of Mw
with the fraction adsorbed. The end member with a
low molar mass can be interpreted as a primary
moiety of supramolecular HA. The linearity of Fig. 2a
leads to a non-linear relationship of Mw with HA in
solution (Fig. 2b). The solid line in Fig. 2b is the mean
molar mass of adsorbed HA calculated with Eq. (5c).
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that the mean molar mass of the HA in the adsorption phase decreases
from 5.6 to ~3 kDa at an increase of the HA concentration in solution to
the highest value in our dataset. Simultaneously, the mean molar mass
of HA in the solution increases. In other words, smaller HA molecules
become increasingly important in the adsorption phase when the sur
faces are loaded with HA.
Besides molar mass as a physical property of HA, fractionation due to
adsorption may also change chemical properties, particularly the charge
density, aromaticity, and hydrophobicity of HA. Therefore, we have
used the Specific UV Absorbance at 254 nm (SUVA254) as an indicator of
the aromatic character of the natural organic matter (Weishaar et al.,
2003). In the absence of goethite, the SUVA254 values for the original HA
are around 4.6 AU L mg− 1 m− 1 (dotted lines in Fig. 3). The value de
creases in the supernatant after adsorption, implying that the adsorbed
HA fraction has higher aromaticity, leaving the less aromatic ones
(lower SUVA254 values) in the solution (Fig. 3a), in agreement with the
literature (Wang et al., 2019).
The SUVA254 values for dissolved HA (Fig. 3a) can also be translated
to the SUVA254 value of adsorbed HA (Fig. 3b). In contrast to HA in the
equilibrium solution, the variation in SUVA254 values is quite small (≪
10%) for adsorbed HA. For adsorbed HA, it implies that little variation
will exist in the average site density of carboxylic (≡RCOO− ) groups
(Qmax, H1), because SUVA254 values of HA are linearly related to Qmax, H1
(mol kg− 1) according to Qmax, H1 = 0.56 SUVA254 (R2 = 0.98), as follows
from the data of Hiemstra et al. (2013) for a range of HA materials
studied. The small variation in site density of adsorbed HA, based on
SUVA254 (Fig. 3b) is also in line with calculated site densities using the
data of Christl and Kretzschmar (2001). These authors have studied the
relation between molar mass and the site densities using a series of HA
fractions prepared with ultrafiltration (Fig. A.4). Using their relation
ships, we calculated the expected variations of the site density of the
carboxylic (≡RCOO− ) and phenolic (≡RO− ) groups for adsorbed HA.
These calculations suggest a variation of the site densities of just 2% or
less. Therefore, we conclude that fractionation of HA by adsorption to
goethite will in the first place influence the mean molar mass as a
physical property. This change in molar mass will strongly influence the
adsorption of HA to goethite because the free energy of adsorption of HA
(Eq. (3)&(4)) is noticeably related to its molar mass and total charge
(Weng et al., 2007).

functional groups in the solid-solution interface. The latter is related to
molecular conformation. Previously, HA was considered as a rigid entity
when modeling HA adsorption to minerals (Filius et al., 2000; Weng
et al., 2006a). However, various studies (Hiemstra et al., 2013; Xiong
et al., 2015) suggest that HA consists of “soft” particles and can undergo
a certain degree of conformational changes upon adsorption to mineral
surfaces (e.g. goethite). Such conformational changes are probably
driven by a strong interaction of the functional groups of HA molecules
with the surface. The Gibbs free energy gained by this surface interac
tion can be partly invested in adapting the spatial distribution of func
tional groups in the interface, i.e. the molecular shape. Another
observation is that at a low surface loading, the functional groups
(≡RCOO− and ≡RO− ) of HA mainly occupy the Stern layer region,
forming an ultra-thin layer with a thickness of less than ~1 nm
(Hiemstra et al., 2013). With the increase of the HA loading, gradually
more HA and functional groups will be present externally in the diffuse
layer (DDL). The maximum adsorption of HA is typical ~3 mg m− 2 and
the corresponding surface coverage is about 2–3 nm.
The above picture of the spatial distribution can be implemented in
the model framework using the following set of equations:
f1 + f2 + fd = 1

(6a)

f\2 = f1

(6b)

fd = (Гtot. – ГMST)/ Гtot.; fd = 0 when Гtot < ГMST

(6c)

where f1 and f2 are the fractions of the functional groups of HA that are
attributed to respectively the 0–1 and 2- Stern plane, and fd is the
fraction that is attributed to an adsorption plane at a chosen distance of
1 nm from the head of the DDL. Eq. (6a) formulates the mass balance of
adsorbed HA. Eq. (6b) expresses the basic assumption of a homogeneous
distribution of the functional groups within both Stern layers. The DDL
fraction of adsorbed HA (fd) above the maximum amount of HA allowed
in the Stern layer (Г MST) is defined in Eq. (6c), in which Г tot is the total
amount of adsorbed HA in mg per m2 or mol of functional groups per m2.
The condition fd = 0 for Гtot < Г MST (Eq. (6c)) expresses our assumption
that the Stern layer space is occupied first to its maximum ГMST, before
HA employs the DDL space.
With the above-redefined approach of the ligand and charge distri
bution (Eqs. 6a-c), we have explored the possibility to describe an
extensive data set for HA adsorption (Weng et al., 2007). The details of
this exploration will be discussed later in the next section. Our explo
ration indicates that the maximum adsorption of HA in the Stern layer
space (Г MST) is not a constant. It is often less than the maximum occu
o
) when filling the Stern layer
pation that is physically possible (Γ MST
entirely with a smooth layer of HA. The observed restriction of filling the

3.2. Spatial distribution of adsorbed HA
The overall affinity of HA in the adsorption to oxides is determined
by two main factors, which are the mean molar mass, i.e. the number of
functional groups per molecule, and the spatial distribution of these

Fig. 3. SUVA254 value (AU L mg− 1 m− 1) for HA in solution (a) and in the adsorption phase (b) after equilibration in 1.0 g L− 1 goethite at pH 4 and pH 6. The dotted
line is the SUVA254 value (4.6 AU L mg− 1 m− 1) of the original HA before adsorption. The full lines have been added to guide the eyes.
5
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Stern layer space (0 < θs < 1) suggests that HA molecules are flexible,
allowing changes in the molecular conformation. According to our
modeling, the fraction of Stern layer space occupied with functional
groups of HA (θs) varies with the pH (or proton activity (H)) and ionic
strength (I) using the descriptive equation:
o
=
θs = ΓMST Γ MST

K Ha Ib
1 + K Ha Ib

(6d)

in which K, a, and b are coefficients that follow from our data analysis
implementing the above set of equations for the spatial distribution of
adsorbed HA (Eqs. 6a-c) in the developed model framework. Eq. (6d)
gives the maximum degree of occupation of the physical Stern layer
space with charged functional groups of HA at a given pH and ionic
strength. As we will see later, the value of θs can be considered as a
measure of the variation in molecular conformation.
o
) used in Eq. (6d), can
The physical maximum of adsorbed HA (Γ MST
o
be calculated according to Γ MST
= dST × ρHA, in which dST is the Stern
layer thickness and ρHA the mass density of HA. The Stern layer thickness
is related to the ordering of ions and water molecules in the compact part
of a mineral-water interface. Generally, the ordering is over a maximum
of about 2–3 layers of water molecules which is equivalent to a thickness
of dST ≈ 0.8 nm or less (Hiemstra and van Riemsdijk, 2006b). In com
bination with a volume mass density for HA (ρHA = 1250 kg m− 3) (Deng
et al., 2019), the calculated physical maximum for the adsorption of HA
o
(Γ MST
) will then be about 1.0 mg m− 2.
In summary, besides molecular fractionation, adsorbed HA may also
change its spatial distribution. Both factors act simultaneously and in the
next section, both contributions will be evaluated using the consistent
model framework presented in Fig. 1.

Fig. 4. Effect of ionic strength on the fractionation factor k of HA (Eq. (5c)).
The white sphere was obtained by modeling the data of our adsorption isotherm
experiment (Fig. 2), while both blue colored spheres were derived by fitting the
HA adsorption data of Weng et al. (2007). The red diamond is the mean molar
mass of the original HA measured by Weng et al. (2007) at I = 0.1 M with the
SEC method. The modeling results show that the mean molar mass of adsorbed
HA at a given fractionation increases with the root of the ionic strength.

3.3. Modeling adsorption of HA
For robust model development, our data set has been extended by
including the measurements of Weng et al. (2007). This extended data
set comprises adsorption edges of HA that cover a wide range of pH
values (pH 3–11), ionic strength (2–100 mM), and initial HA concen
trations (150–450 mg L− 1). The HA involved originates from the same
soil as used in our experiments and the applied goethite is very similar as
it can be prepared reproducibly.
Our extensive evaluation started by evaluating first the pH and
loading dependency of the HA adsorption at the same ionic strength
(0.01 M) as used in our fractionation study. In the modeling, we applied
the fractionation relationship derived from our adsorption isotherm
experiment in 0.01 M NaCl (Eqs. 5a-c). Simultaneously, we fitted the
maximum degree of occupation of the Stern layers (θs). At first, this was
done for each data point individually to get insight into the variation of
occupancy and, importantly, the governing factors. This evaluation
showed that the relative maximum of occupation (θs) can be linked to
the variation in pH, as expressed in Eq. (6d).
In the next step, we evaluated the change of the HA adsorption as a
function of the ionic strength. Our modeling revealed that a proper
description is only possible when the fractionation of the mean molar
mass (Mw) of the adsorbed particles varies with the ionic strength. In
other words, the fractionation depends on the ionic strength. It can be
understood from a variable degree of association or aggregation of HA
moieties as a result of screening of HA charge by electrolyte ions or
facilitated by the supramolecular nature of HA (Gerzabek et al., 2022).
By consistent modeling, we derived the values of the fractionation factor
k in Eq. (5a) as a function of the ionic strength. We found an excellent
relation of the fractionation factor k with the square root of ionic
strength as is given in Fig. 4 with spheres.
In our modeling approach, the fractionation factor k varied with
ionic strength, but the primary molar mass (Mo) could be kept constant
at the value of 1.6 kDa, obtained in our fractionation experiment
(Fig. 2a). In the case of a supramolecular behavior, added HA may

consist of primary moieties that associate, depending on the ionic
strength, to form larger HA particles with a higher mean molar mass
(Benincasa et al., 2002). Calculations show that at an increase in ionic
strength, the Donnan potential of HA particles in solution becomes less
negative (Fig. A.5), which will be favorable for the process of associa
tion. At the 0.1 M ionic strength, the mean molar mass of the initial HA is
Mw = 14 kDa, according to our adsorption modeling. This molar mass is
close to the experimental mean molar mass of Mw = 13.2 kDa (red
diamond in Fig. 4), reported by Weng et al. (2007). These authors
measured the molar mass in 0.1 M NaNO3 at around pH 6.0 using a TSK
gel 3000 PW column with the SEC method. The agreement strongly
supports our model approach.
3.4. Limited stern layer occupation
During our model development, we found that a consistent
description of the pH dependency of the adsorption required the intro
duction of a relative maximum of occupation of the Stern layers (θs) that
o
is less than the physical maximum (ГMST < ΓMST
, θs < 1) at fully
smoothing of the adsorbed HA. Moreover, we found that θs is not only
pH-dependent but also ionic strength-dependent as defined in Eq. (6d).
Our modeling shows that at low pH and simultaneously high loading,
the Stern layers can be almost entirely filled with HA, while at high pH,
the HA molecules avoid occupation of the Stern layers, making θs sub
stantially smaller than 1. It points to θs as a measure for changes in the
molecular conformation of HA.
If one considers an adsorbed HA molecule as a spherical rigid particle
attached to the surface, one can calculate the volume of the cap that
overlaps with the Stern layer space (d = 0.8 nm). For spherical HA
particles with a mean molar mass in the range of 3.5–5.6 kDa, the vol
ume fraction of overlap is close to θs ~0.45 (Fig. A.6), if such spheres are
hexagonal close-packed. This value of θs is given in Fig. 5 with a dotted
6
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Fig. 5. a) Relative maximum of occupation of the
Stern layer space (θS) as a function of pH, ionic
strength, and HA loading, as well as b) the potential
gradient over Stern layers (Ψ2-Ψ0). The results are
presented for three levels of ionic strengths 0.002 M
(red), 0.01 M (blue), 0.1 M (green); and three initial
loadings with HA are 150 mg L− 1 (square), 300 mg
L− 1 (triangle), and 450 mg L− 1 (circle). The colored
lines in Fig. 5a have been calculated with Eq. (6d).
The dotted lines give the relative maximum of Stern
layer occupation (θs ~ 0.45) if a HA molecule would
bind as a rigid spherical particle with a diameter of
2.4 nm (~5.5 kDa).

line. The underlying calculation is given in the Supplemental
Information.
Fig. 5a shows that at low pH, θs can be much larger according to our
modeling. At low pH, the functional groups prefer the Stern layer region,
stimulating innersphere complexation as well as the non-specific
attraction by the positive surface charge. This is in line with previous
experiments in which the HA adsorption was probed with PO4 ions
(Hiemstra et al., 2013; Deng et al., 2019), showing that at low loading
almost all functional groups of HA were present in the Stern layer region
or complexed with the surface groups. It indicates a very strong change
in molecular conformation. At high pH, θs is much lower than a value of
θs ~0.45 (Fig. 5a). In that case, the functional groups tend to avoid the
Stern layers as far as this is structurally possible. The functional groups
with a charge move outwards into the diffuse double layer region. At
intermediate values around θs ~0.45, the structure of adsorbed HA will
be relatively relaxed. This occurs in the range of pH ~7–9 (Fig. 5a)
where the goethite surface is only slightly positive.
The pH dependency of the relative maximum of Stern layer occu
pation θs, found by modeling, can be described well with the empirical
relationship given by Eq. (6d), using the coefficients K = 80, a = 0.32,
and b = − 0.33 (Lines in Fig. 5a). It should be noted that the sign of the
parameter for the ionic strength (b) is opposite to that for the proton (a),
illustrating an inverse dependency. This can be understood from elec
trostatics, as we will discuss next.
An in-depth analysis of the relative maximum of Stern layer occu
pation indicated that θs can be related to the electrostatic potential
gradient in the compact part of the electrical double layer (EDL). This is
shown in Fig. 5b. At a large potential difference, (Ψ2-Ψo), the negatively
charged ligands of adsorbed HA can largely occupy the Stern layer. It
occurs at low pH where the surface potential (Ψo) is very attractive. At
an increase in pH, the potential difference diminishes, and simulta
neously, electrostatic repulsion between adsorbed HA particles in
creases. Consequently, the functional groups with a negative charge
tend to move outwards to reduce the electrostatic repulsion. In
conclusion, our modeling reveals that adsorbed HA has a flexible
structure allowing significant changes in conformation, depending on
the electrostatic interface conditions.

the charge distribution defined in Eqs. 6(a-c). Fractionation and
conformational change are found to be key parameters for a consistent
and constrained description of HA adsorption with modeling.
At an increase in the ionic strength, our parameterized model pre
dicts higher adsorption of HA. The increase is strong, particularly at high
pH, where the increase can be a factor of 5 or more. Analysis shows that
this exceptionally strong increase in the adsorption is mainly due to a
strong increase in the mean molar mass at high ionic strength (Fig. 4),
facilitating the screening of the HA charge. In the experiment (Fig. 6),
the mean molar mass of the adsorbed HA increases from ~3.6 to ~14.1
kDa as the ionic strength increases from 0.002 to 0.1 M. However,
fractionation is also due to the relative amount of adsorbed HA (HAads/
HAtot) as shown in Fig. 2a. It implies that both factors will simulta
neously contribute to the shape of the adsorption edge given in Fig. 6. In
addition, the shape of the adsorption edges is simultaneously signifi
cantly affected by changes in molecular conformation. Collectively, it
results in the observations made.
With our new model and data, we are now able to disentangle the
contributions of various key factors using a mechanistic rather than a
more descriptive approach. Our mechanistic and constrained approach
provides new insights into the adsorption of HA. As this work is part of a
large project, future work will unravel the influence on the competitive
behavior of HA in multicomponent systems with an increasing
complexity, containing HA, FA, and/or phosphate.
4. Conclusions
Adsorption of natural organic matter (NOM) to mineral surfaces is an
important process determining the environmental fate and biogeo
chemical cycling of many elements. Recent studies have provided proof
for the view that organic matter forms supramolecular associations and/
or aggregates of a heterogeneous collection of molecules, self-assembled
via hydrophobic interactions and hydrogen bonds. These organic mol
ecules could undergo conformational reorganization upon adsorption at
mineral surfaces. Our present results are in line with these views. The
novel model framework developed in the present study is, as far as we
know, the first attempt to quantitatively describe the interaction of
organic matter and (hydr)oxides by considering the fractionation of
NOM and conformational changes upon adsorption.
Metal (hydr) oxide surfaces prefer a fraction of polydisperse humic
acid (HA) particles having relatively a smaller size, as confirmed in our
experiments. This fractionation, expressed in the mean molar mass of
adsorbed HA, is linearly related to the ratio of adsorbed and added HA
(Fig. 2). The proportionality is a function of the ionic strength as
elucidated by our modeling (Fig. 4).
In addition to fractionation, the adsorption of HA is also largely
determined by the spatial distribution of the charged functional HA
groups in the interface. According to our modeling, this spatial

3.5. Presentation of final modeling results
Fig. 6a–c shows the comparison between the modeled (lines) and
measured (symbols) adsorption of HA to goethite as a function of pH
with three different initial concentrations of HA in 0.002, 0.01, and 0.1
M NaNO3 (Data of Weng et al. (2007)). The adsorption of HA in the
current work at pH 4 and 6 in the presence of 1.0 g L− 1 and 3.0 g L− 1
goethite (Fig. A.7) is also described in the Supplemental Information. In
the model, the change in mean molar mass due to fractionation has been
derived from Eqs. 5(a-c), and the spatial distribution was described by
7
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Fig. 6. Modeling results of HA adsorption at 0.002, 0.01, and 0.1 M ionic strength with HA initial addition of 150, 300, and 450 mg L− 1 in 1.0 g L− 1 goethite. The
symbols are the measurements of Weng et al. (2007) and the lines indicate the modeling results. In the model, the Mw of adsorbed HA was derived from Eq. (5c)
where the k value was 2.0, 4.0, and 12.5 kDa for ionic strength of 0.002, 0.01, and 0.1 M respectively.

distribution is a function of pH, ionic strength, and loading, which can
be linked to the electrostatic gradient in the electrical double layer (EDL)
(Fig. 5).
At a low pH, the molecular conformation is dominated by surface
complexation, leading to a preferential filling of the Stern layer, which is
in line with literature data on the adsorption of HA probed with
adsorbed PO4 ions. A value for the relative maximum of Stern layer
occupation close to θs ~1 points to large changes in the molecular
conformation compared to the binding of HA in a relaxed spherical
particle mode equivalent to θs ~0.45. At high pH, the metal (hydr)oxide
surface becomes negatively charged, creating strong repulsive forces on
the functional groups with a negative charge, and hence a tendency of
these functional groups to move toward the diffuse layer, minimizing
double layer overlap as far as this is possible from a structural point of
view. This will lead to a relative maximum for the Stern layer occupation
that is well below θs < 0.45 (Fig. 5).
The revealed changes in conformation may largely affect the
competition of HA with environmentally important oxyanions such as
phosphate, arsenate, selenite, and others. At a low pH, the mobility of
these oxyanions will disproportional increase due to a more effective
competition caused by changes in the molecular conformation of
adsorbed HA. At a high pH, adsorbed HA will be less effective as a
competitor, because its functional groups can preferentially avoid the
inner part of the interface. To further improve our insights into the
adsorption of HA, one of our future studies will use oxyanions as a probe
to optimize the spatial distribution of adsorbed HA, which will also
allow us to learn more about the competitive behavior of adsorbed HA
with the class of environmentally important oxyanions.
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Oostenbrink, C., Petrov, D., Tunega, D., 2022. A contribution of molecular modeling
to supramolecular structures in soil organic matter. J. Plant Nutr. Soil Sci. 185,
44–59.
Hemingway, J.D., Rothman, D.H., Grant, K.E., Rosengard, S.Z., Eglinton, T.I., Derry, L.A.,
Galy, V.V., 2019. Mineral protection regulates long-term global preservation of
natural organic carbon. Nature 570, 228–231.
Her, N., Amy, G., Foss, D., Cho, J., 2002a. Variations of molecular weight estimation by
HP-size exclusion chromatography with UVA versus online DOC detection. Environ.
Sci. Technol. 36, 3393–3399.
Her, N., Gary, A., Foss, D., Cho, J., Yoon, Y., Kosenka, P., 2002b. Optimization of method
for detecting and characterizing NOM by HPLC-size exclusion chromatography with
UV and on-line DOC detection. Environ. Sci. Technol. 36, 1069–1076.
Hiemstra, T., Mia, S., Duhaut, P.B., Molleman, B., 2013. Natural and pyrogenic humic
acids at goethite and natural oxide surfaces interacting with phosphate. Environ. Sci.
Technol. 47, 9182.
Hiemstra, T., van Riemsdijk, W.H., 1996. A surface structural approach to ion
adsorption: the charge distribution (CD) model. J. Colloid Interface Sci. 179,
488–508.
Hiemstra, T., van Riemsdijk, W.H., 2006a. Biogeochemical speciation of Fe in ocean
water. Mar. Chem. 102, 181–197.
Hiemstra, T., van Riemsdijk, W.H., 2006b. On the relationship between charge
distribution, surface hydration, and the structure of the interface of metal
hydroxides. J. Colloid Interface Sci. 301, 1–18.
Hur, J., Williams, M.A., Schlautman, M.A., 2006. Evaluating spectroscopic and
chromatographic techniques to resolve dissolved organic matter via end member
mixing analysis. Chemosphere 63, 387–402.
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