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Abstract
The sorption mechanism between 4-chloro-2-methylphenoxyacetic acid (MCPA) herbicide and the dominating (110) surface 
of the mineral goethite was studied by molecular modeling of the full set of possible surface complexes using density func-
tional theory with periodic boundary conditions for the structural surface models. The most stable arrangements of the MCPA 
species were predicted taking into account the type and topology of the surface OH groups, protonation states (pH effect), 
the structure of carboxyl/carboxylate group of MCPA, and the binding type (outer- or inner-sphere complexes). Acid–base 
properties of MCPA and the goethite surface OH groups led to creation of several pH ranges (3–4, 4–9, 9) for combining 
neutral/deprotonated MCPA with neutral/protonated goethite surface. The predicted strongest adsorption (physisorption) 
for the complexes in the pH 4–9 range was followed by largest solvent destabilization of the outer-sphere complexes due to 
the high solvent energy of the MCPA and surface hydration of the hydroxylated goethite surface. In line with experimental 
data, the adsorption of MCPA should increase with decreasing pH owing to the presence of neutral MCPA molecule (pKa ~ 3) 
and its lower solvation energy that can produce more stable complexes in solution than that of anionic MCPA in pH 4–9 
range. The formation of the inner-sphere chemisorbed surface complex contributes significantly to the overall adsorption 
of MCPA at acidic pH range. In the chemisorbed inner-sphere complexes, monodentate binding was revealed through the 
formation of a Fe–O–C bridge.
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1  Introduction

Phenoxyalkanoic acids represent a base for a broad spectrum 
of modern herbicides extensively used in agriculture. They 
reduce the spread of broadleaved weeds on land and hence 
protect the cereals and vineyards. Because of a potential risk 
of contamination of groundwater sources [1], it is important 
to trace and understand the fate and behavior of herbicides 
after their release into environment until their final min-
eralization in soil. These herbicides contain one or more 
polar carboxylic groups responsible for their relatively high 
chemical reactivity with soil components. The physical and 
chemical processes of phenoxyacetic acid-based herbicides 
in soils and/or soil components (solubility, adsorption–des-
orption, chemical resistance, bio-, and photodegradation) 
were extensively investigated by a variety of experiments 
[2–16]. A strong dependence of the adsorbed amount on pH 
and on the presence of electrolytes in solution was observed 
[12, 13, 17]. The mobility and fixation of herbicides in soils 
are determined mainly by adsorption–desorption processes, 
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which can vary with amount, distribution, and properties 
of soil constituents, and with the chemical properties of 
herbicides. Significant relationships have also been found 
between adsorption and mineralization rate of these chemi-
cals in soil [18]. Experiments describe in most cases sorp-
tion from aqueous solutions to mixed solid matrixes and pro-
vide mainly a global view on the interactions of pollutants in 
soil in a form of the soil-solution distribution coefficient, Kd. 
Only rarely, adsorption energies or enthalpies are calculated 
from fits to experimental data. Detailed, molecular scale 
characterization of mechanisms of interactions of these pol-
lutants with soils or soil components is difficult to achieve 
from the experiment or spectroscopic data. In this context, 
methods of molecular modeling represent an effective tool 
to obtain details how pollutants interact with soil matrices. 
These methods have been successfully applied to predict 
interaction type and interaction energies of phenoxyacetic 
acid-based herbicides and polycyclic aromatic hydrocarbons 
with the soil components [19–23].

Among the soil minerals known as potential geosorb-
ents for polar herbicides, the iron oxyhydroxides (FeOOH) 
manifest the highest herbicide partition coefficient (Kd 
value) [24]. Hence, they appear as best sorbents for phenoxy 
acid herbicides thanks to their high point of zero charge 
(pHPZC). Moreover, iron oxyhydroxides contribute to large 
specific surface areas of soils, even though they are pre-
sent in relatively low amounts in bulk soils [25]. Goethite 
(G), α-FeOOH, is a common oxyhydroxide mineral in many 
soils, and its sorption properties are related to the surface 
structure and nanoparticle grain size [26–29]. An experi-
mental study has shown that humic matter coating the iron 
oxyhydroxides in soil only slightly changed their sorption 
capacities for phenoxy herbicides at ambient soil pH values 
[26]. The interaction mechanism of adsorption of phenoxy-
acetic acids to Fe-oxyhydroxide surfaces is still not fully 
clear, which warrants further investigations.

Clearly, the acid–base properties of the goethite surface 
hydroxyl groups and MCPA are a key to understand their 
interaction depending on pH of the environment. For bulk 
goethite, the experimental pHPZC values are in a range of 
7.5–9.5 depending on the amount of carbonate adsorbed 
[30], indicating an overall base character of the goethite 
surface. However, the proton affinity constants, pKa, for indi-
vidual types of surface OH sites cannot be obtained experi-
mentally. The adsorption isotherms of MCPA on goethite 
have shown that the amount of adsorbed MCPA decreases 
with an increase of the pH of the medium from 3 to ~ 7, 
and with an increase of the MCPA concentration [23, 26, 
31]. In the previous studies, the adsorption isotherms at pH 
4 and pH 7 were interpreted in terms of the formation of 
electrostatic forces between MCPA anion and protonated 
goethite [26, 31, 32]. The linear decrease in MCPA adsorp-
tion with increasing pH values was explained simply by 

decrease in the positive surface charge of the goethite. At 
the same time, the observed decrease in MCPA adsorption 
with increase in ionic strength at pH 4 (electrolyte KCl) was 
an additional argument for outer-sphere complex formation 
[26]. In other studies, adsorption isotherms for phenoxy acid 
herbicides have been explained by a formation of monoden-
tate or bidentate inner-sphere surface complexes on Fe oxy-
hydroxides, but this has been claimed without evidence by 
spectroscopic or molecular modeling methods [25, 26, 32]. 
FTIR spectra of adsorbed phenoxy acid herbicides also did 
not provide unambiguous confirmation about the mechanism 
of binding. In fact, the measured spectra were quite com-
plex and difficult to interpret with overlapping low-intensity 
bands in the region of interest [33]. Recent studies (using 
electrolyte NaNO3) have shown that ionic strength of the 
background electrolyte did not affect the adsorption results 
significantly in the acidic pH range [23]. Similarly, the con-
sistent results were found for the adsorption of a phenoxy 
acid herbicide to Fe oxyhydroxides at different background 
electrolyte concentrations of CaCl2. This result indicated 
that the adsorption of MCPA by the protonated goethite 
surface was likely dominated by inner-sphere complexation 
of the neutral molecule. Adsorption isotherms of MCPA-
goethite at pH 3–6 have shown that the maximum adsorption 
was even below the MCPA pKa value [23]. This result leads 
to the conclusion that the interactions between MCPA and 
goethite depend on the speciation of the adsorbate rather 
than being electrostatically controlled (as it has been previ-
ously suggested [26]). Hence, the decrease in the fraction of 
MCPA adsorbed by goethite coated with humic acid relative 
to pure goethite has been explained with the effect of the 
organic coating to decrease the number of reactive surface 
sites available to interact with the MCPA molecules rather 
than with the electrostatic effects like changes in the goethite 
surface pHPZC [23, 26]. At highly acidic (pH < 3) goethite 
dissolves, which hampers the adsorption studies below the 
MCPA pKa (3.07) [23]. In basic solution (pH > 9), surface 
µ-OH groups (pKa ~ 9–10) become deprotonated, FeOH2

+ 
sites (pKa ~ 12) neutralized to FeOH [34], and MCPA is in 
anionic form. Therefore, adsorption is hampered by electro-
static repulsion, which could explain the strong decrease in 
MCPA adsorption observed with increasing pH.

The charge distribution multisite complexation model 
(CD-MUSIC) has been used to describe the binding type 
of the MCPA to the goethite on a macroscopic level [23, 
26]. Structural information necessary for a sound CD-
MUSIC modeling was derived from first principle molecu-
lar dynamics (FPMD) performed on two hydrated models 
of MCPA-goethite complexes in our previous study. In this 
way, a decrease in the number of adjustable CD-MUSIC 
model parameters has been achieved, allowing the adsorp-
tion model constants for the most probable inner-sphere and 
outer-sphere surface complex structures to be unequivocally 
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determined. The adsorption constants for the complexes 
were successfully fitted to experimental batch equilibrium 
data, and the adsorption isotherms were interpreted in terms 
of formation of monodentate inner-sphere surface complexes 
of neutral MCPA on partially protonated goethite surface 
reflecting pH50 below 4 (adsorption edge) [23].

The present work reports detailed discussion on explana-
tion of surface complexation of MCPA on the most populate 
goethite surface (110) using the full set of possible com-
plexes and applying the density functional theory (DFT) 
method. The focus of this study is to look in more detail at 
(1) all possible sorption mechanisms, (2) the role of different 
surface hydroxyl groups, and (3) the pH effect on the form 
and stability of the surface complexes. The aim is thus to 
predict the most stable arrangements of the MCPA species 
taking into account typical characteristics such as complex 
surface topology of the surface OH groups (–OH, –μOH, 
and –μ3OH), protonation states (pH effect), and binding 
types (outer- or inner-sphere complexation). The MCPA-
goethite complexes are characterized by means of energy 
calculations for a variety of possible model systems (MCPA-
goethite interaction energy), detailed geometry characteri-
zation of the surface goethite Fe–O bonds, and adsorbed 
MCPA hydrogen bonds (HB).

2 � Structural and computational details

The interactions of MCPA, both in neutral and anionic 
molecular form, with the dominating goethite surface (110) 
were modeled using the periodic plane-wave DFT approach. 
The electronic structure calculations were performed using 
the Vienna ab initio simulation package VASP [35] using a 
spin-polarized DFT formalism. Electron exchange–correla-
tion interactions were treated using the generalized gradient 
approximation (GGA) as parameterized by Perdew, Burke, 
and Ernzerhof (PBE functional) [36]. The Kohn–Sham equa-
tions were solved variationally in a plane-wave (PW) basis 
set with an energy cutoff of 400 eV. The electron–ion inter-
actions were described using the projector-augmented-wave 
(PAW) method [37]. Fourteen valence electrons for each 
Fe atom (3p63d74s1), six valence electrons for each O atom 
(2s22p4), four valence electrons for each C atom (2s2p2), and 
seven valence electrons for each Cl atom (2s2p5) were treated 
explicitly, and the remaining core electrons and the nuclei 
were described by PAW pseudopotentials.

Goethite has strongly correlated d-electrons, so the 
DFT + U approach worked out by Dudarev et al. [38] was 
used in all calculations to describe the strong Coulomb 
repulsion (U) between the localized d electrons in the Fe. In 
the DFT + U framework, a Hubbard-like term to the effec-
tive potential is added to improve description of correlation 
effects in transition metal oxides. The effective Hubbard 

parameter Ueff = U − J enters the Hamiltonian, with J being 
the exchange interaction parameter. The effective on-site 
Coulomb and exchange interaction parameters for each iron 
atom were set to 4 eV and 1 eV, respectively, as used in a 
previous study of the bulk structure of goethite [20].

Quantum chemical electronic structure calculations for 
iron oxides account for 3d electrons in open-shell formal-
ism. Spin-crossover coupling exists between iron centers 
in structures such as of goethite. Several theoretical stud-
ies on the bulk structure of goethite showed that the high 
spin antiferromagnetic (AFM) configuration (2S + 1 = 6, 
where S is a spin number) has been found as the most stable 
magnetic structure [39, 40]. Thus, this high spin AFM con-
figuration was also used for a slab model of the dominant 
(110) surface, similar to a previous study of the adsorption 
of polycyclic aromatic hydrocarbons by goethite [20]. The 
slab was derived from the experimental bulk structure ([41], 
Pbnm space group) with a thickness ~ 9 Å having in total 
114 atoms (24 Fe, 54 O and 36 H). The computational cell 
was orthorhombic with lateral cell vectors b = 11.0 Å and 
c = 9.1 Å. In the a-direction, a vacuum of ~ 21 Å was added 
getting a total a vector of 30.0 Å. Oxygen atoms of broken 
Fe–O bonds on the upper and lower surfaces of the slab were 
saturated by hydrogen atoms to get the slab electrostatically 
neutral. The (110) surface is formed by three types of surface 
hydroxyl groups, particularly (1) hydroxo sites (OH groups 
bound to one iron atom), (2) μ-hydroxo sites (μOH groups 
connected to two iron atoms), and μ3-hydroxo (μ3OH, where 
the oxygen atom is bound to three iron atoms). This struc-
tural arrangement is depicted in Fig. 1b.

Surface complexation models were constructed by insert-
ing the MCPA molecule or anion near the surface hydroxyl 
groups considering both outer- and inner-sphere complexa-
tion on the goethite surface. The sixfold coordination of 
Fe does not change upon complexation including chemi-
cally bound MCPA. The complex structure of the surface 
(topology of three different OH groups) and the structure of 
adsorbate (two sites for binding through carboxyl/carboxy-
late groups, Fig. 1a) offer a variety of surface complexes 
being considered. Moreover, in order to cover a broad range 
of pH in the calculations, it was also necessary to consider 
protonation and deprotonation states of the MCPA molecule 
and the surface OH groups. All these factors gave a plenty 
of options for binding of MCPA to the surface. In total, 25 
models were thus constructed (Table 1).

Structural optimizations of all models have been per-
formed with the optimization engine GADGET [42] based 
on delocalized internal coordinates [43]. All of the atomic 
positions were fully relaxed without symmetry restrictions 
by keeping fixed unit cell parameters. The structures were 
relaxed when all components of the gradient vector were 
smaller than 4 × 10–4 atomic units. Only Γ-point sampling 
was used to integrate over the Brillouin zone, because 
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the computational cell was satisfactorily large. When the 
relaxed structures were obtained, relative energetic sta-
bilities of the resulting configurations were compared for 
similar types of the complexes. Further, calculated interac-
tion (reaction) energies were obtained in a following man-
ner. Formally, a formation of physisorbed (outer-sphere 
complexes) can be considered as association reaction 
A + B → C and corresponding interaction energy is calcu-
lated as ΔEint = E(C) − (E(A) + E(B)). Formation of chem-
isorbed (inner-sphere complexes) is a reaction of exchange 
type A + B → C + D, and reaction (interaction) energy is 
obtained as ΔEint = (E(C) + E(D)) − (E(A) + E(B)). In all 
cases, the total electronic energies E(A), E(B), E(C), and 
E(D) are taken for all fully optimized species involved in the 
reactions. The calculated interaction (reaction) energies did 
not contain contributions by zero-point vibrational energy, 
thermal corrections, and entropy effects.

The strengths of the surface Fe–O bonds in goethite 
and their changes upon complexation, i.e., physi- and 

chemisorption of MCPA, were evaluated by the bond-order 
(BO) analysis based on the density-derived electrostatic and 
chemical (DDEC6) method using an effective all-electron 
density [44] from VASP calculations. The DDEC6 method, 
implemented in the CHARGEMOL software [45], served 
as a practical definition of bond order across diverse mate-
rials in solid state [46, 47]. The BO index is defined as the 
number of electrons exchanged between a pair of atoms. 
Eventually, in the molecular orbital theory, BO is defined 
as half the difference between the number of bonding and 
antibonding electrons.

3 � Results and discussion

3.1 � MCPA‑goethite models

The possible MCPA-goethite complexes at different pH were 
modeled on the basis of their acid–base properties. Below 
a pHPZC = 9.1, protonated OH sites of the goethite surface 
were assumed. According to the calculated pKa values for 
the proton affinity reaction (S-OH2

+  → S-OH + H+) for the 
three surface OH types, only –OH (hydroxo) sites could be 
protonated [34]. Our periodic slab model has a row of three 
–OH groups that are the only candidates for protonation. 
However, it was not possible to protonate all –OH groups 
because of extreme polarization and electrostatic repulsion 
effects among all three protonated OH sites that led to struc-
tural instability during the geometry optimization. There-
fore, the surface protonation was simulated by adding one 
proton to one –OH group from the row to mimic a partially 
protonated surface below pHPZC.

Depending on a pH range, neutral or deprotonated MCPA 
species are anticipated to adsorb on protonated or neutral 
goethite surface. Neutral MCPA molecule can interact 

Fig. 1   a MCPA structure and 
b surface OH groups in 2D peri-
odic (110) slab model of goe-
thite—hydroxo sites (OH) (an 
oxygen atom bound to one iron 
atom), μ-hydroxo sites (μ-OH) 
(an oxygen atom bound to two 
iron atoms), and μ3-hydroxo 
(μ3-OH) (an oxygen atom bound 
to three iron atoms). For details 
on experimental and calculated 
pHPZC, see Refs. [30, 34]

Table 1   Number of model configurations for MCPA-goethite com-
plexes for different pH ranges

pH 3–4 4–9 4–9  > 9
MCPA Neutral Anion Neutral

(hypothetical)
Anion

Goethite –OH2
+ –OH2

+ –OH –OH
µOH µOH µOH µOH
µ3OH µ3OH µ3OH µ3OH

Outer-sphere 
complexes  
(physisorption)

2 3 6 6

Inner-sphere  
complexes  
(chemisorption)

3 2 3
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through the carbonyl oxygen and/or OH group of the car-
boxyl group (–COOH). The anionic MCPA form has two 
oxygen atoms of the carboxylate group available for the 
interaction. Existence of active sites of the (110) goethite 
surface (–OH2

+, –OH, –μOH, –μ3OH) allows a variety of 
surface complexes (Fig. 1). Two basic mechanisms are sug-
gested for adsorption of MCPA, which are (1) physisorp-
tion with a formation of an outer-sphere complex, or (2) 
chemisorption with a formation of an inner-sphere complex 
[26]. In the outer-sphere type, MCPA interacts with the 
goethite surface via hydrogen bonding and/or other non-
bonding interactions (e.g., electrostatic). Apart from phy-
sisorption, inner-sphere complexes can be formed during 
the chemical reaction of the surface like dehydroxylation 
and the water elimination with MCPA binding directly via 
ligand exchange to Fe in mono- or bidentate forms. It is not 
expected that µ3OH groups are involved in this process as 
the bond breaking of three Fe–O bonds would be energeti-
cally too consumable. Therefore, in our calculations, only 
OH and µOH groups were taken into account. Considering 
all above-mentioned factors, we categorized our models into 
three pH range groups—pH ~ 3–4, pH 4–9, and pH > 9—tak-
ing into account the different protonation states of MCPA 
and the goethite surface (Table 1). This categorization also 
includes a group of hypothetical complexes for a pH range 
4–9 represented by neutral MCPA molecule and neutral goe-
thite surface. Specific interactions between chlorine atom 
of the aromatic ring and surface hydroxyl groups were also 
detected in the optimized geometries that could contribute 
to the overall stability of the surface complexes. The exist-
ence of this interaction was attributed to the flexibility of 
the torsional C–C-O-C angle of MCPA. A compilation of 
the calculated relative electronic energies and the reaction 
energies for the relaxed equilibrium structures is presented 
in Table 2 and discussed in following chapters.

3.2 � MCPA‑goethite complexes at pH ~ 3–4

This section can be related to previous experimental data, 
revealing that the amount of adsorbed MCPA from aqueous 
solution increased with decreasing pH reaching the adsorp-
tion edge at pH50 ~ 4 [23].

3.2.1 � Physisorbed outer‑sphere hydrogen‑bonded 
complexes of neutral MCPA with protonated goethite 
surface

In line of the acid–base properties of MCPA and goe-
thite, neutral MCPA (nMCPA) and a protonated goethite 
(pG) surface can exist in solution at pH below 3–4. The 
protonation of the surface was done by adding a proton 
to one –OH group forming an –OH2

+ site. To keep the 
overall neutral balance, one OH− group was attached at 

the opposite side of the goethite model slab. The –COOH 
group of the neutral MCPA offers two sites for hydrogen 
bonding, which is carbonyl oxygen as a proton acceptor 
and carboxylic group as a proton donor. The goethite sur-
face contains two sites that can act only as proton donors, 
which is the protonated –OH2

+ site and the –μ3OH group, 
respectively. The rest –OH and –μOH groups can be pro-
ton donors and/or proton acceptors due to their flexibility. 

Table 2   Calculated relative electronic energies (ΔErel) and interaction 
(reaction) energies (ΔEint) for complexes of MCPA formed on the 
(110) surface of goethite

Energies are in kJ/mol. Interaction energy is calculated according 
Eqs. 1–5. PT indicates proton transfer from neutral MCPA to goethite 
-OH site
a nos neutral MCPA, outer-sphere complex; pg protonated goethite—
site OH2

+; dos deprotonated MCPA, outer-sphere complex; ng neutral 
goethite surface; nis neutral inner-sphere complex; md monodentate 
complex; dis deprotonated inner-sphere complex

Modelsa ΔErel Δ ΔEint

Physisorption pH ~ 3–4
nos-pg-OH2

+-OH 0.0 − 81.2
nos-pg-OH2

+-μOH 13.8 − 69.5
Chemisorption
nis-pg-md-OH2

+(OH) 0.0 − 102.5 PT
nis-pg-md-OH2

+(μOH) 82.8 − 19.7 PT
nis-pg-bd-OH2

+ – − 6.3
Physisorption pH = 4–9
dos-pg-OH2

+-OH 0.0 − 144.8
dos-pg-OH2

+-μOH 12.1 − 132.6
dos-pg-OH2

+-μ3OH 20.1 − 124.3
Chemisorption
dis-pg-md-OH2

+(μOH) 0.0 − 74.1
dis-pg-md-OH2

+(μ3OH) 40.2 − 33.9
Physisorption  pH ~ 9
dos-ng-μ3OH-μ3OH 0.0 − 83.7
dos-ng-μOH-μ3OH 9.6 − 74.1
dos-ng-OH-OH 25.5 − 58.2
dos-ng-μOH-μOH 28.0 − 55.6
dos-ng-OH-μ3OH 33.1 − 50.6
dos-ng-OH-μOH 52.7 − 31.4
Physisorption hypothetical
nos-ng-OH-OH → dos-pg-OH2

+-μ3OH 0.0 − 133.9 PT
nos-ng-OH-μ3OH → dos-pg-OH2

+-μ3OH 31.4 − 116.3 PT
nos-ng-OH-μOH → dos-pg-OH2

+-μOH 35.6 − 103.8 PT
nos-ng-μOH-μ3OH 72.4 − 72.8
nos-ng-μOH-μOH 75.7 − 69.9
nos-ng-μOH-OH 103.3 − 46.4
Chemisorption
nis-ng-md-OH(μOHHB)—the same as
dis-pg-md-OH(μOHHB) 0.0 − 32.6
nis-ng-md-μOH 14.6 − 18.0
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Considering the structural features and distribution of the 
surface OH sites, two model complexes were selected—
nos-pg-OH2

+-OH (Fig. 2) and nos-pg-OH2
+-μOH (Fig. S1 

in Supplementary Material, SM). Used acronym nos-pg 
means neutral (MCPA) outer-sphere complex with pro-
tonated goethite surface. The most relevant geometric 
parameters (bond lengths and interatomic distances) of 
the optimized complexes are presented together with the 
figures. The formation of the physisorbed outer-sphere 
complex is written as:

 
Corresponding relative stabilities (ΔErel) and interaction 

energies (ΔEint) are given in Table 2. The physisorption 
of the MCPA on the protonated goethite surface occurs 
through two hydrogen bonds, the –C=OMCPA⋯H(OH+)G 
and –OHMCPA⋯OG (OG from –OH or –μOH group). 
According to the energy calculations, the nos-pg-OH2

+-
OH complex is more stable than the nos-pg-OH2

+-µOH by 
13.8 kJ/mol (Table 2). The energy difference indicates that 
the surface complexation with –OH2

+/–OH sites could be 
more probable, but this difference is small, and so the sec-
ond type of the binding can be also possible. This hypoth-
esis is also supported by the fact that both complexes have 
large interaction energies (− 81.2 kJ/mol vs. − 69.5 kJ/mol, 
Table 2). The large stabilization of the nos-pg complexes 
can be attributed mainly to quite strong hydrogen bond-
ing between MCPA and surface OH sites (for the nos-pg-
OH2

+-OH complex, a very short HMCPA⋯O(H)G hydro-
gen bond of ~ 1.3 Å) and OMCPA⋯H2(O)G hydrogen bond 
of ~ 1.7 Å) was detected, Fig. 2. The first hydrogen bonding 

(1)MCPA + G_slab → MCPA⋯G_slab

observation corroborates the strong proton attractor prop-
erties of the surface –OH groups and the easy formation 
of –OH2

+ surface sites. In the less stable nos-pg complex, 
the hydrogen HMCPA⋯μO(H)G bond of ~ 1.7 Å is weaker 
falling into the category of a medium-to-strong hydrogen 
bond [48]. Generally, in the goethite-MCPA complex, the 
surface Fe–O bond lengths increase in the order Fe-OH 
(2.07  Å, BO = 0.36) < Fe-μ3OH (2.15  Å, BO = 0.31, 
both numbers are averaged values) ≈ Fe-μOH (2.14 Å, 
BO = 0.30, both numbers are averaged values) < Fe-OH2 
(~ 2.2–2.3 Å, BO ~ 0.25). Evidently, the Fe–O bond is 
weakened (BO decreases) with the increasing Fe–O dis-
tance. For comparison, the bond orders for bulk Fe–O and 
Fe-OH bonds are of ~ 0.5 and ~ 0.3, respectively, and they 
do not change upon MCPA adsorption. For six-coordi-
nated Fe(III), its overall BO sum is about 2.5. The phys-
isorption of the neutral MCPA molecule on the partially 
protonated goethite surface produces a slight elongation 
of the Fe-OH bond (~ 0.09 Å) due to O(H)G···HMCPA bond-
ing. The protonation of the surface Fe-OH site to Fe-OH2

+ 
resulted in relatively large elongation of the Fe–O bond 
by about 0.3 Å.

3.2.2 � Chemisorbed inner‑sphere complexes of neutral 
MCPA with protonated goethite surface

Two monodentate complexes, nis-pg-md-OH2
+(OH) (Fig. 3) 

and nis-pg-md-OH2
+(μOH), and one bidentate complex, 

nis-pg-bd-OH2
+, were constructed and optimized (Fig. S2). 

Nis-pg-md means neutral inner-sphere complex with pro-
tonated goethite surface with monodentate binding and nis-
pg-bd means neutral inner-sphere complex with protonated 
goethite and bidentate binding.

The formation of monodentate inner-sphere complexes 
(nis-pg-md-OH2

+(OH) and nis-pg-md-OH2
+(μOH)) and 

Fig. 2   Most stable physisorbed complex of neutral MCPA and proto-
nated goethite surface (FeOH2

+ site) reflecting pH bellow 4 (adsorp-
tion edge). OG stands for the oxygen atom of goethite slab

Fig. 3   Most stable chemisorbed complex of neutral MCPA and proto-
nated goethite surface (FeOH2

+ site), reflecting pH bellow 4 (adsorp-
tion edge). OG stands for the oxygen atom of goethite slab and HB for 
hydrogen bond
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the calculated interaction energy, ΔEint, are obtained by 
an exchange reaction according Eq. 2:

(G—goethite, MCPA = HOOC-R; R = CH2OC6H3ClCH3).
Formally, this formation reaction can be explained as 

a ligand replacement of the –OH2
+ site (water molecule 

is released from the surface) with the carbonyl oxygen 
atom of the MCPA. As a result, one oxygen atom is shared 
by goethite and MCPA and forms a Fe–O–C bridge with 
Fe–O bond length of ~ 2.2 Å (BO ~ 0.26), being similar to 
the Fe-OH2 distance in the physisorbed complex of neutral 
MCPA on the partially protonated goethite surface (Fig. 2, 
2.23 Å, BO ~ 0.25) and a bit longer than a typical Fe–O 
bond in goethite (1.9–2.1 Å). The carboxylic OH group 
of MCPA was initially hydrogen bonded to the goethite 
proton acceptor atom (O) of the –OH or –μOH groups. 
During the optimization, the proton transfer from COOH 
to the corresponding goethite OH sites was observed form-
ing protonated –OH2

+ or –µOH2
+ sites, respectively. In 

the optimized geometries of both complexes, the oxygen 
atom of the carboxyl group stayed in hydrogen bonding 
with the formed neighboring protonated sites after the 
proton transfer and with one neighboring µ3OH (Figs. 3 
and S2a). Owing to the protonation of Fe-OH, the Fe–O 
bond elongates by ~ 0.2 Å and its BO decreases from 0.41 
to 0.26 being similar to the Fe-OMCPA bond. All formed 
hydrogen bonds are of medium-to-strong strength in a 
range of 1.6–1.9. Very similar trends in changes of Fe–O 
bond lengths and bond orders upon protonation and MCPA 
adsorption have been found for all other complexes stud-
ied in this work and are not discussed further. The energy 
calculations of the monodentate complexes suggest much 
larger stabilization for the nis-pg-md-OH2

+(OH) complex 
by 82.8 kJ/mol comparing to the nis-pg-md-OH2

+(μOH), 
and also a large formation energy of − 102.5  kJ/mol. 
The significantly lower stabilization of the nis-pg-md-
OH2

+(μOH) complex indicates that its formation is less 
probable than the formation of the nis-pg-md-OH2

+(OH) 
complex. The small interaction energy of − 19.7 kJ/mol 
can be attributed to the breaking of two Fe–O bonds by the 
replacement of the µOH group (Eq. 2). The protonation of 
μOH group and shorter OMCPA···μH2(O)G bonds in nis-pg-
md-OH2

+(μOH) produces greater elongation (by 0.3 Å) of 
the related Fe-μO(H2) bonds (Fig. S2a).

The topology of the OH surface sites allows formation 
of only one type of the bidentate complex; particularly, 
two neighboring –OH/–OH2

+ groups are replaced by the 
MCPA, and two Fe–O–C bridges are formed by releasing 
of two H2O molecules. The reaction energy of the nis-
pg-bd-OH2

+ complex formation (Fig. S2b) is calculated 
according to the exchange reaction by Eq. 3:

(2)G
(

OH
+

2

)

+ HOOC−R → GO(OH)C−R + H2O
The calculated reaction energy is − 6.3 kJ/mol, formally 

showing an only slight stability of the bidentate complex. 
However, there is no experimental evidence that MCPA 
could be bound to the surface in a bidentate form. Pos-
sible explanation is that in such exchange reaction, two 
Fe–O bonds have to be broken, which can be a process 
with a high energetic barrier and thus not very likely due 
to kinetical hindrance. The measured Fe–O bond lengths in 
the bidentate chemisorbed complex were at 2.16–2.18 Å, 
slightly shorter than Fe–O bonds in the monodentate 
complexes. The O···O distance of two Fe–O–C bridges 
is ~ 2.28 Å, thus falling in a range of 2.27–2.29 Å typical 
for the carboxylic group.

The ΔEint of nis-pg-md-OH2
+(OH) is − 102.5 kJ/mol, 

which is larger by about 21 kJ/mol (in absolute value) 
than the interaction energy for the most stable physisorbed 
complex, nos-pg-OH2

+-OH (− 81.2 kJ/mol). Hence, at 
pH = 3–4, the chemisorption mechanism with formation of 
inner-sphere complex on a bare surface (no solvent effect) 
can be predicted to be thermodynamically more favorable 
than the physisorbed complex. However, the formation of 
the inner-sphere complex requires a Fe–O bond breaking, 
which can be a reaction with the high energetic barrier; 
therefore, this could become a kinetically less favorable 
surface reaction than the formation of the outer-sphere 
complex. Previous studies have established that in aque-
ous solution, the affinity and basicity of a goethite sur-
face can be reduced by the solvent effect, but at remain-
ing of the activity trend of the adsorption sites [34]. The 
solvent effect can also have an impact on the interaction 
energies of both nos-pg-OH2

+-OH (Fig. 2) and nis-pg-
md-OH2

+(OH) (Fig. 3). In general, we can conclude that 
both types of the MCPA surface complexation are prob-
able and should be considered for the explanation of the 
experimental adsorption isotherm obtained in the acidic 
pH (3–5) range [23]. To approach the experiment and 
explain the increasing adsorption of MCPA with decreas-
ing pH, these two MCPA-G complexes were solvated by 
explicitly adding a water slab (thickness of ~ 18 Å) and 
theoretically studied by molecular dynamics simulations. 
The results were reported in our previous work including 
slow motion animations of the surface structures formed 
during over 10 ps [23]. The MD simulations confirmed 
that the surface complexes can be partially destabilized by 
the solvent effect, but the overall configurations were pre-
served. The averaged geometrical parameters (e.g., Fe–O 
and C–O bond lengths) were successfully used in the CD-
MUSIC modeling approach to interpret the experimentally 
observed dependence of the amount of MCPA adsorbed 
on pH [23].

(3)G
(

OHOH
+

2

)

+ HOOC−R → G(OOC−R) + 2H2O
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3.3 � MCPA‑goethite complexes in pH range 4–9

The complexes of deprotonated MCPA (dMCPA) and par-
tially protonated goethite (pG) surface were modeled to 
simulate the acid–base behavior of MCPA and goethite 
surface in a pH range 4–9. The MCPA carboxyl group is 
deprotonated in this pH range, whereas the –OH group of the 
goethite surface can attract a proton from solution.

3.3.1 � Physisorbed outer‑sphere hydrogen‑bonded 
complexes of deprotonated MCPA with protonated 
goethite

The carboxylate group of dMCPA has two proton accep-
tor sites for hydrogen bonding. In total, three outer-sphere 
complexes were constructed, the dos-pg-OH2

+-OH, the 
dos-pg-OH2

+-μOH, and the dos-pg-OH2
+-μ3OH. In these 

configurations, the OH2
+ group of the protonated goethite is 

a proton donor to one carboxylate oxygen, and the neighbor-
ing –OH, –μOH, or –μ3OH groups served as a proton donor 
to the second carboxylate oxygen of dMCPA. The acronym 
dos-pg means deprotonated outer-sphere complex with pro-
tonated goethite. The calculation of the interaction ener-
gies predicted that the dos-pg-OH2

+-OH complex (Fig. 4) 
is the most stable comparing to the other two configurations 
(Table 2), with a relatively large interaction energy ΔEint of 
− 144.8 kJ/mol. The interaction occurs mainly by forma-
tion of (1) two hydrogen bonds between one carboxylate 
oxygen and protons of –OH2

+ group (1.636 Å) and –μ3OH 
(1.843 Å), (2) one hydrogen bond between the second car-
boxylate oxygen and –OH group (1.712 Å), and (3) weaker 
Cl⋯μOH hydrogen bond (2.301 Å). The other two com-
plexes (dos-pg-OH2

+-μOH and dos-pg-OH2
+-μ3OH, Fig. 

S3) are only slightly higher in energy by 12.2 and 20.5 kJ/
mol, respectively. Thus, all three possible surface complexes 
do not differ much by their calculated stability. As to be 

expected, the interaction energies between charged MCPA 
and protonated goethite surface are larger than interaction 
energies of neutral MCPA and protonated goethite (Table 2). 
The strong physisorption for the bare dMCPA-pG complexes 
thus predicted is not supported by the experimental adsorp-
tion edge showing a decrease in MCPA adsorption with pH 
increase [23]. The reason for this discrepancy is the strong 
destabilization role of solvent effect on the physisorbed 
dMCPA-pG complexes. The solvation energy calculated for 
the neutral MCPA is − 59.4 kJ/mol, whereas for the MCPA 
anion accounts for as high as − 304.2 kJ/mol (obtained with 
the Turbomole program [49], PBE functional, TZVP basis 
set [50], and the COSMO model for water solvent [51]). The 
presence of the strong polar solvent effect would disrupt 
hydrogen bonding of the outer-sphere complexes because of 
the high solvent energy of the MCPA anion. In addition, the 
hydration of the hydroxylated goethite surface can also con-
tribute to the destabilization of the dMCPA-pG complexes at 
pH 4–9. Thus, these two effects can explain why the MCPA 
adsorption decreases with increasing pH. Similar trends have 
been found for adsorption of other phenoxyacetic herbicides 
on clay minerals [7, 16].

3.3.2 � Chemisorbed inner‑sphere complexes 
of deprotonated MCPA with protonated goethite

Two monodentate complexes were constructed, which 
are the dis-pg-md-OH2

+(μOH) (Fig.  5) and dis-pg-md-
OH2

+(μ3OH) (Fig. S4). Acronym dis-pg-md means depro-
tonated inner-sphere complex with protonated goethite in 
monodentate binding by the Fe–O-C bridge. Formally, the 
interaction reaction can be described by Eq. 4, in which one 
H2O molecule is released:

 

(4)G
(

OH
+

2

)

+ OOC−R−
→ G(OOCR) + H2O

Fig. 4   Most stable physisorbed complex of deprotonated MCPA and 
protonated goethite surface (FeOH2

+), reflecting pH range 4–9
Fig. 5   Most stable chemisorbed complex of deprotonated MCPA and 
protonated goethite surface (FeOH2

+ site), reflecting pH range 4–9
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The second carboxylate O atom is involved in hydrogen 
bonding with proton donor atoms of –μ3OH or –μOH groups 
depending on the orientation of MCPA on the surface. A 
larger stability (by 40.2 kJ/mol) and larger interaction energy 
(− 74.1 kJ/mol) were found for the dis-pg-md-OH2

+(μOH) 
complex (Table 2) due to two hydrogen bonds formed by 
free carbonyl O with –μ3OH and –μOH groups, respectively. 
Moreover, the Fe–O(C) bond is shorter in the more stable 
complex (2.132 Å vs. 2.208 Å, Figs. 5 and S4). The calcu-
lated interaction energy of the most stable bare outer-sphere 
complex (− 144.8 kJ/mol, Table 2) is larger than that of the 
inner-sphere complex (− 74.1 kJ/mol). Therefore, the phy-
sisorption of MCPA to goethite at pH 4–9 would be hypo-
thetically preferred in the absence of a polar solvent phase. 
In case of polar solution present, however, the outer-sphere 
complex will be strongly destabilized due to a high solvation 
energy of the MCPA anion. The inner-sphere complex of 
the MCPA anion, dis-pg-md-OH(μOH), resembles the inner-
sphere complex of neutral MCPA, nis-pg-md-OH2

+(OH), 
since in the latter a spontaneous proton transfer and MCPA 
deprotonation was observed. Hence, it is expected that the 
solvent effect on the inner-dMCPA-pG complex is similar 
to that of the nMCPA-pG complex. This leads to a small 
elongation of Fe–O and C–O bonds and perturbation of 
hydrogen bonds between free Ocarb with the neighboring OH 
groups. If outer-sphere complexes are strongly disrupted by 
the solvation of the MCPA anion at pH > 4, the inner-sphere 
dMCPA-pG complex can still exist and could explain why 
the goethite surface has still some adsorption capacity for 
MCPA at a pH range 4–9 [23].

3.4 � MCPA‑goethite complexes at pH ~ 9

3.4.1 � Physisorbed outer‑sphere hydrogen‑bonded 
complexes of deprotonated MCPA with neutral 
goethite surface

In the alkaline pH range, the goethite surface becomes neu-
tral or even deprotonated. For the (net) neutral goethite sur-
face, the –OH and –μOH groups can act as a proton donor 
and/or acceptor, respectively, while the –μ3OH group can 
become a proton donor only. Six complexes can be formed 
for this situation, which are the dos-ng-μ3OH-μ3OH (Fig. 6), 
the dos-ng-μOH-μ3OH, the dos-ng-OH-OH, the dos-ng-
μOH-μOH, the dos-ng-OH-μ3OH, and the dos-ng-OH-μOH 
(Fig. S5). Acronym dos-ng means deprotonated outer-
sphere complex with neutral goethite. To keep the overall 
neutrality of the models in the calculations, we added one 
proton to one –OH group at the opposite side of the goethite 
model slab. In this case, the physisorption mechanism is also 
represented by hydrogen bonding between MCPA and the 
surface OH groups. Apart from previously discussed phy-
sisorbed complexes at lower pH, the most stable complex 

was found for the configuration, in which two carboxylate 
oxygen atoms are acting as proton acceptors for two neigh-
boring –µ3OH groups (dos-ng-μ3OH-μ3OH, Table 2, Fig. 6). 
The stabilization effect is relatively high, comparable with 
that of the physisorbed complex of neutral MCPA at the 
protonated surface (nos-pg-OH2

+(OH), Fig. 2). Other pos-
sible configurations representing different combinations of 
–OH, –µOH, and –µ3OH in the hydrogen bonding (Table 2) 
are less stable by about 10–52 kJ/mol. In the energetically 
most stable complex, two relatively strong Ocarb⋯H(μ3OH) 
hydrogen bonds were formed (1.490 Å and 1.600 Å).

3.5 � MCPA‑goethite complexes of neutral MCPA 
molecule on neutral goethite surface 
(hypothetical)

To complete all possible combinations, we performed also 
calculations on interactions of neutral MCPA molecule with 
the neutral goethite surface. In principle, this combination 
is only hypothetical with respect to acid–base properties of 
MCPA and the goethite surface (i.e., such a configuration 
cannot coexist simultaneously in any pH range).

3.5.1 � Physisorbed outer‑sphere hydrogen‑bonded 
complexes of neutral MCPA with neutral goethite 
surface

In total, six different initial configurations have been opti-
mized. Possible combinations of hydrogen bonds between 
the –COOH group and the surface –OH groups of goethite 
were modeled respecting the OH topology and taking into 
account that –COOH and –OH/μOH groups possess pro-
ton donor or acceptor capabilities, whereas μ3OH can act 
only as a proton donor [19, 34]. The models built were 

Fig. 6   Most stable physisorbed complex of deprotonated MCPA and 
neutral goethite surface at pH ~ 9
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nos-ng-OH-OH (Fig. 7), nos-ng-OH-μ3OH, nos-ng-OH-
μOH, nos-ng-μOH-μ3OH, nos-ng-μOH-μOH, and nos-
ng-μOH-OH (Fig. S6). Acronym nos-ng means neutral 
outer-sphere complex with neutral goethite.

The first three outer-sphere complexes (nos-ng-OH-
OH, nos-ng-OH-μ3OH, and nos-ng-OH-μOH) are more 
stable configurations than the remaining three (Table 2). 
The dominant interaction in the three physisorbed com-
plexes is the Fe(H)O···HOOC bonding, which during the 
optimization transforms to a Fe(H)OH+···OOC− complex 
because of a proton transfer from the carboxyl group to 
the surface –OH group. The formation of the positively 
charged surface site –Fe-OH2

+ demonstrates its high sta-
bility and a strong proton affinity character of the hydroxo 
groups of goethite, being in line with the calculated pro-
ton binding constant pKa for –OH groups [34]. Moreover, 
during the optimization, the geometry of the nos-ng-OH-
OH complex changed to the dos-pg-OH2

+-μ3OH complex 
(Fig. 7) with the largest interaction energy of − 133.9 kJ/
mol. This complex is stabilized by two strong hydrogen 
bonds (1.551 Å and 1.525 Å) between the two carboxylate 
oxygen atoms and the proton donor groups –OH2

+ and 
–μ3OH, respectively. Moreover, the carboxylate group ena-
bles to form additional hydrogen bonds with OH groups 
(Fe-OH and Fe-μOH) in vicinity of the interacting site. In 
addition, the Cl atom of the MCPA molecule forms a weak 
hydrogen bonding with another Fe-μOH group enhancing 
the physisorption of MCPA to goethite. After the proton 
transfer, the MCPA-goethite complex can be regarded as 
an outer-sphere complex formed between MCPA anion 
and partially protonated goethite surface (dos-pg interac-
tion type). The observed proton transfer as appeared also 
for two other stable MCPA-goethite complexes (Table 2) 
indicates a strong proton affinity of the –OH group and for-
mation of real outer-sphere complexes between the MCPA 

anion and a goethite surface (partially) protonated in the 
pH 4–9 range as described in Sect. 3.3.1.

3.5.2 � Chemisorbed inner‑sphere monodentate complexes 
of neutral MCPA with neutral goethite surface

In these complexes, one surface OH group was replaced by 
formation of a Fe–O–C bridge. This reaction is accompanied 
by the release of one water molecule (Eq. 5). Two possible 
structures were taken into the account, in which surface –OH 
and –µOH groups were removed. The models were labeled 
as monodentate nis-ng-md-OH(μOH)) and nis-ng-md-μOH 
(Fig. S7) complexes:

The acronym nis-ng-md means neutral inner-sphere 
complex with neutral goethite monodentate binding. The 
nis-ng-md-OH(μOH) complex was found as more stable 
chemisorbed inner-sphere complex compared to the second 
complex, nis-ng-md-μOH (Table 2). In fact, this complex 
is the same as the dis-pg-md-OH(μOH) complex already 
discussed in Sect. 3.3.2 (Fig. 5).

4 � Conclusions

In this work, we used the DFT method in the study of the 
formation mechanisms of surface complexes between the 
MCPA herbicide and the predominant (110) surface of the 
mineral goethite. Our simulations reflected the strong pH 
effect on MCPA adsorption by including the anionic form 
of MCPA and the protonated goethite surface into the cal-
culations. To include such pH effects in DFT modeling is 
by far not trivial and common. Different types of the surface 
OH groups, their topology at the surface, the structure of 
carboxyl/carboxylate group of MCPA, offered a plenty of 
possible combinations for MCPA binding to the goethite 
surface. Moreover, from the possible surface complexation 
mechanisms, both outer- (physisorbed) and inner-sphere 
(chemisorbed) complexes were modeled. The stability of 
complexes was evaluated on the base of the relative and 
interaction energies. Acid–base properties of MCPA and 
the goethite surface OH groups led to creation of several 
pH ranges for the different neutral/deprotonated MCPA with 
neutral/protonated goethite surface combinations possible.

The calculations showed that the basic mechanism for the 
formation of the outer-sphere complexes is the formation of 
hydrogen bonds of a different strength, depending on which 
moiety is proton donor or acceptor, respectively. It was 
shown that among the three types of the surface OH groups, 
the most active is the –OH group bound to one Fe atom. This 
group can easily attract a proton from aqueous solution and 

(5)G(OH/�OH) + HOOCR → G(OOCR) + H2OFig. 7   Most stable (hypothetical) physisorbed complex of neutral 
MCPA on neutral goethite surface (pH range 4–9)
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is responsible for the positively charged goethite surface at 
circumneutral to acidic pH values. Although in the pH range 
4–9, the most stable physisorbed complexes were found for 
the MCPA anion adsorbed on the protonated goethite surface 
(with an interaction energy in a range of − 124 to − 145 kJ/
mol), their stability in reality would be strongly reduced due 
to the large solvation energy of the MCPA anion. For the pH 
values close to the pKa value of MCPA, the neutral MCPA 
molecule interacts weaker with the protonated goethite sur-
face (interaction energy of about − 80 kJ/mol); however, the 
outer-sphere complex potentially formed can be more stable 
in the solution than the complex of MCPA anion because 
of the much lower solvation energy of the neutral MCPA. 
Thus, adsorption of MCPA should increase with decreasing 
pH. This conclusion is in agreement with the experimental 
observations reported earlier, in which the highest adsorbed 
amount was achieved for the pH ~ 3.

In the chemisorbed inner-sphere complexes, monoden-
tate binding was formed through the Fe–O–C bridge. The 
protonated surface –OH group (–OH2

+ site) represents a key 
in the exchange reaction, in which one water molecule is 
released to solution and replaced by the carboxyl/carboxy-
late group of the MCPA moiety. We have found that at low 
pH (~ 3), the chemisorbed monodentate MCPA-goethite 
complex has larger adsorption energy (in absolute value) 
than other chemisorbed complexes formed at higher pH val-
ues. In addition, this energy is also higher (in absolute value) 
than the adsorption energy of the outer-sphere complex at 
pH ~ 3 by about 21 kJ/mol, which proves that the formation 
of the inner-sphere complex at low pH can significantly con-
tribute to the overall adsorption of MCPA.
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