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Abstract: Our recent study demonstrated that fulvic and humic acids are the major contributors to the
adsorption of phenoxyalkanoic acid herbicides in soils. At very low pH, the neutral forms of these herbicides
are bound directly to fulvic and humic acids, whereas at higher pH, their anionic forms are adsorbed mainly
via bridges created by Al** species. The number of active sorption sites associated with Al** species complexed
with fulvic acids is pH-dependent, whereas the number of corresponding sites in humic acids is pH-
independent. Based on the results of the FTIR analysis, research into adsorption thermodynamics, and
molecular modeling, an attempt was made in the present study to explain the adsorption mechanisms of six
phenoxyalkanoic herbicides used currently in the European Union on the surfaces of the above fractions of
humic substances. The obtained values of standard enthalpy (4H?) for the adsorption of the anionic forms of
phenoxyalkanoic herbicides on fulvic or humic acids complexed with Al* were in the range of physical
adsorption, i.e. from -8.4 kJ/mol to -2.9 kJ/mol for the former, and from -5.3 k]/mol to -2.4 k]/mol for the latter.
The study demonstrated that the neutral forms of phenoxyalkanoic herbicides were bound to humic substances
mainly via H-bonds, m-mt stacking interactions, and hydrophobic interactions. Al** species were complexed
with fulvic and humic acids to form outer-sphere complexes. Ternary outer-sphere complexes were also
created between the anionic forms of phenoxyalkanoic acid herbicides and positively charged Al* species
complexed with fulvic acids. The mechanisms of adsorption on humic acids involved a ligand exchange
between a loosely bound hydroxyl group of hydrolyzed Al* complexed with this adsorbent and the anionic
form of the herbicide. However, in this case, adsorption took place only in the presence of sufficiently strong
hydrophobic and m-mt stacking interactions supported by H-bonds. These findings elucidate why
phenoxyalkanoic herbicides are mobile in the soil profile and are often rapidly degraded in soils.

Keywords: acidic herbicides; adsorption mechanisms; thermodynamics; humic substances; FTIR;
molecular modeling

1. Introduction

Phenoxyalkanoic acid herbicides (PAAHs; Table 1) were first used in the 1940s [1] and since
then, they have been widely applied throughout the world [2]. Although PAAHs are post-emergence
herbicides, significant amounts of these compounds reach the soil surface, surface water, and
groundwater, and their adsorption should be analyzed to predict pesticide behavior and
environmental impact. In the top soil layer, PAAHs are adsorbed mainly on organic matter, and
sorption is negatively correlated with soil pH [3,4]. The contribution of soil inorganic components to
the overall sorption of PAAHSs increases with soil depth.

The adsorption PAAHs in soils decreases in the following order: 2,4-DB > MCPB >> 2,4-D >
MCPA >DCPP-P > MCPP-P [5,6]. Taking into account the data from European Union dossiers [7] the
adsorption of 2,4-DB expressed by the adsorption distribution coefficient normalized to organic
carbon (Koc) can exceed 1000 mL/g, whereas the maximum adsorption of MCPP-P is around 150

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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mL/g. PAAHs are quickly adsorbed in soils, and in batch experiments, adsorption usually reaches
equilibrium within 4 to 12 h [6]. PAAHs are also easily desorbed from soils. In soils with an organic
matter content of > 1%, typically 40% to 80% of the adsorbed PAAHSs can undergo desorption. In soils
with an organic matter content of < 0.3%, the effectiveness of desorption reached 100% [6].
Thermodynamic parameters have been rarely determined for the adsorption of PAAHs in soils. In
the work by Shariff [8], the standard enthalpy (4H°) of the adsorption of 2,4-D in soils ranged from -
28.6 kJ/mol to -18.5 kJ/mol. These values indicate that physical adsorption, including hydrophobic
sorption, van der Waals interactions, H-bonding, water-bridging, and/or anion exchange, should be
the predominant process for 2,4-D [6].

Humic substances play an important role in protecting the environmental against contamination
because the contaminants are incorporated into the matrix of humic substances through different
mechanisms [9]. The chemical behavior of humic substances is determined mostly by carboxylic and
phenolic functional groups, and humic molecules have a negative charge that is pH-dependent due
to the partial dissociation of these acid groups [10]. Fulvic acids (FAs) and humic acids (HAs) are
humic substances with different solubility in water. Fulvic acids are water-soluble at any pH, whereas
HAs are water-soluble at alkaline pH. Therefore, 0.1 M NaOH or 0.1 M NasP207 solutions are most
often used to extract these fractions from soil, and the obtained extracts are acidified to pH 1.0-1.5
with HCI, which leads to the sedimentation of HAs [11,12]. The role played by FAs and HAs in the
sorption of PAAHs in soil has not been fully elucidated to date due to the limited number of studies
investigating the sorption of PAAHs on isolated fractions of humic substances [10,13-17].

According to Haberhauer et al. [18], Kah and Brown [19], Cwielqg—Piasecka etal. [17], as well as
our recent study [5], the most important interactions between the neutral forms of PAAHs and humic
substances should involve H-bonding as well as van der Waals and hydrophobic interactions. In a
study by Khan [13] The 4H° of 2,4-D adsorption on HAs at pH 3.3-3.6 (at this pH, the adsorption of
its neutral form should be dominant) was 5.69 kJ/mol, i.e. remained in the physical adsorption range
[20,21]. For the anionic forms of PAAHS, electrostatic interactions should also occur with their
deprotonated carboxyl groups. Based on the pKa (negative logarithm of the dissociation constant;
Table 1) values of the six PAAHs that have been authorized for use in the European Union [22], as
well as the assumption that most soils have a pH of 5 to 8, only the anionic forms of 2,4-D, MCPA,
DCPP-P and MCPP-P, and the anionic and neutral forms of 2,4-DB and MCPB are adsorbed at pH >
5. Our recent study [5] has revealed that at low pH, FAs and HAs adsorb the neutral forms of all
PAAHSs, whereas at pH >5, pure FAs are unable to adsorb the anionic forms of any PAAHs, and pure
HAs can adsorb only the anions of 2,4-DB and MCPB. For example, the Koc values for MCPB, 2,4-D
and MCPP-P adsorbed on FAs examined in the current study reached 2482.2, 937.0, and 814.0 mL/g,
respectively, at pH 2.9 and 548.8, 45.8 and 3.5 mL/g, respectively, at pH 5.7. In turn, the Koc values
for MCPB, 2,4-D and MCPP-P adsorbed on HAs examined in this study reached 659.1, 108.2, and
101.6 mL/g, respectively, at pH 2.9, and 170.7, 0.0 and 0.0 mL/g, respectively, at pH 7.1.

However, herbicide adsorption in soil depends on the interactions between organic matter, Fe
and Al oxyhydroxides and clay minerals [14,18,23]. According to Piccolo and Stevenson [24], HAs
and FAs can interact with metal ions to form metal-organic complexes in soils. Studies on the
adsorption of 2,4-D [25] and DCPP [16] on FAs after coagulation with Al** indicated that the anionic
forms of these herbicides were bound to FAs mostly via an Al* bridge. Larrivee et al. [25] provided
evidence that metal ions (Al** and Pb?) interact strongly with organic complexing agents (FAs and
2,4-D) and suggested that negatively-charged FA components can interact with negatively-charged
herbicides (such as 2,4-D) through positively-charged metal ion bridges. According to Elkins et al.
[16], Al species can form complexes with DCPP and/or FAs, and complexation reactions play an
important role in decreasing herbicide degradation and mobility in soils, and in determining the
environmental fate and bioavailability of aluminum. Jin et al. [26] investigated the interactions
between HAs and an Al** coagulant and demonstrated that at pH 5, the activated functional groups
of HAs formed complexes with Al** species. However, at pH 7 surface complexation occurred, and
the activated functional groups were absorbed on amorphous aluminum hydroxide (Al(OH)s).
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In our recent study [5], when FAs were coagulated with sufficiently large amounts of Al*, the
adsorption of the anionic forms of all PAAHs increased and reached a maximum at pH ~ 5.0-5.5, and
it decreased to zero at pH ~ 7.0-7.5. The adsorption of large amounts of Al** species by HAs resulted
in high adsorption of 2,4-D, MCPA, DCPP-P, and MCPP-P anions, whereas the adsorption of 2,4-DB
and MCPB anions was much lower in comparison with their adsorption on pure HAs. Moreover, the
adsorption of the anionic forms of PAAHs on HAs was similar in the pH range of ~ 5 to 7.5. For
example, the Koc values for MCPB, 2,4-D, and MCPP-P adsorbed at pH 5.7 in examined in this study
FAs complexed with Al** species reached 7923.1, 825.1, and 1123.2 mL/g, respectively. In turn, the Koc
values for MCPB, 2,4-D and MCPP-P adsorbed at pH 7.1 on the examined HAs complexed with Al*
species reached 59.4, 1168.4 and 1139.5 mL/g, respectively.

Our previous study involved mainly batch experiments which were not sufficient to explain the
observed adsorption phenomena. These mechanisms should be further explored because they play a
key role in the retention of PAAHs in soil and their bioavailability to soil bacteria. In addition, a recent
study by Wu et al. [2] suggests that the transport of PAAHSs adsorbed on the surface of water-soluble
humic substances, which have a chemical structure similar to that of FAs, contributes significantly to
the contamination of groundwater and surface water with these herbicides.

Therefore, the aim of the present study was to elucidate the adsorption mechanisms between
FAs or HAs, Al* species, and the molecular and anionic forms of PAAHs based on the results of
Fourier-transform infrared (FTIR) spectroscopy, the values of the thermodynamic parameters of
PAAH adsorption, and molecular modeling.

2. Results
2.1. FTIR Results

2.1.1. FTIR Spectra of Pure FAs and HAs, and After the Adsorption of Al** Species

The FA fraction examined in this study was characterized by a high content of carboxyl groups,
aliphatic and aromatic hydrocarbons, and a moderate content of lignin (Table 2). In the HA fraction,
the content of carboxyl groups and aliphatic hydrocarbons was much lower, whereas the content of
aromatic hydrocarbons was much higher.

The FTIR spectra of FAs and HAs at pH 2.9 were characterized by a broad band (3418-3427 cm-
1, Table 3 and Figure 1) attributed mainly to H-bonded —OH, a visible band of —CH>— (2924-2929 cm-
1), bands of the -COOH group (1717-1718 cm and 1236-1242 cm-!), and a broad band associated with
a strongly H-bonded C=0 group (1620-1633 cm™). When pH was adjusted to 5.7 (FAs) or 7.1 (HAs),
the -COOH group bands at 1717-1718 cm-! disappeared, and were significantly reduced and 1236-
1242 cm™ (the band at ~1240 cm™ was formed by the C-O stretch of aryl ethers [27,28]). Moreover, the
bands were detected at 1556 cm-!, and 1385 cm-! for FAs, and at 1593 cm-! and 1385 cm! for HAs due
to the transformation of the -COOH group into its anionic form. Band at 1402-1410 cm! was related
to O-H and C-O stretching of phenols [28,29].

d0i:10.20944/preprints202411.0021.v1
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Figure 1. FTIR spectra of FAs (pH 2.9 and 5.7), FAs+Al* (pH 5.7), HAs (pH 2.9 and 7.1), and HAs+AI3*
(pH 7.1) at: (a, b) 3700-2900 cm; (¢, d) 1800-1500 cm’; (e, £)) 1500-900 cm.
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Table 1. Structure and selected physicochemical properties of the examined PAAHs.

Name 2,4-DB DCPP-P 2,4-D MCPB MCPP-P MCPA
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Mol 249.1 235.1 221.0 228.7 214.6 200.6
wt.
pK.  474(005) 298(0.02)  293(0.01)  515(0.05)  3.14(0.01) 3.06 (0.01)
(SD)!
Clog 342 3.04 2.73 3.39 3.01 2.70
PZ

! Determined spectrophotometrically (20 °C, I = 0.01) according to Albert and Serjeant [30]; 2 Calculated
hydrophobicity partition coefficient [31,32].

The addition of AICIs led to the coagulation of FAs. In FA+AI** samples at pH 5.7, a significant
increase in peak height was observed at 3431 cm and 1003 cm! (Figure 1). In HA+AI* samples at pH
7.1, peak height increased at 3423 cm and 1049 cm, and the shoulder increased between 1080 cm!
and 940 cm™. Moreover, in FA+Al* samples, peak height was reduced at 1558, 1408 and 1385 cm-1.
The peak at 1558 cm? was slightly shifted toward higher frequencies (Table 2), and the peak at 1238
cm! was shifted toward lower frequencies.

Table 2. Results of the elemental analysis and integrals (%) of 3C CP/MAS NMR spectra of the
examined humic substances. Refer to [5] for detailed information.

Element/Assignment FAs (%) HAs (%)

C 44.72 53.94

H 4.65 3.19

N 3.25 3.15

S 0.61 0.26
Aliphatic (0-110 ppm) 30.2 8.7

Ar (110-157 ppm) 35.1 50.4
CHs (0-43 ppm) 7.3 43
OCHs (45-60 ppm) 52 1.5
Side-chain lignin (43-87 ppm) 15.7 3.0

Ar-OH (145-165 ppm) Nd! Nd
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COOH (158-190 ppm) 41.8 18.0
HB? 0.90 2.81
Nd - not determined; 2 Hydrophobicity, determined as [33]: HB = [(0-43) + (110-160)]/[(45-60) + (145-190)].

Jin et al. [26] reported highly similar results in an experiment investigating the coagulation of
HAs by AlP*. At pH 5, peak absorbance decreased at 1717 cm™ (in the present study, absorbance
decreasing was visible in FA samples), the peak disappeared at 1247 cm”, (in the present study, a
very small, but visible decrease was noted in FA samples), and the bands of asymmetric and
symmetric -COQO' stretches were shifted toward higher frequencies. The observations made by Jin et
al. [26], Elkins et al. [16], and Simonsson [34] and the results of this study indicate that Al** species
are adsorbed by binding with dissociated carboxylic groups and by H-bonds with the -OH groups of
alcohols and phenols. In the current study, the -OH groups of polysaccharides (bands at 1005 and
1048 cm') also contributed to the adsorption of Al** species by FAs and HAs. In the work of Boguta
et al. [35], band absorbance increased at 1033-1039 cm! after the adsorption of Fe?* species on HAs.

2.1.2. FTIR Spectra of FAs and FAs+Al3* After the Adsorption of PAAHs

The adsorption of PAAHSs on pure FAs at native pH 2.9 decreased slightly the bands at around
1718 cm! (Figure 2c). In MCPB and 2,4-DB spectra, characterized by the highest adsorption, a minor
shift to 1714 cm™ was observed. The adsorption of MCPB, 2,4-DB and MCPP-P also reduced the band
at 1236 cm. In the infrared spectra, little or no band shift is expected for outer-sphere surface
complexes, and band shifts to higher wavenumbers are expected for inner-sphere complexes [26].
These observations point to the presence of intermolecular H-bonds of -COOH groups and other
carbonyl groups of FAs with an -OH group of the undissociated carboxylic groups of PAAHs.

Table 3. Band assignments of FTIR spectra for the examined PAAH adsorbents.

Location (cm™) Assignment (comments)

FAs FAs FAs+A13+I_IAS HAs HAs+AP+ References

PH PH - hsy, PHOPH Ly

29 57 P72 59 gq PUO
O-H stretching of hydroxyl groups involved

3427 3425 3431 3418 3420 3423 in H-bonds, N-H stretching of amines [36,37]
(weaker)

2958 2976 2976 2959 Nd!' Nd Asymmetric -CHs stretching [36]

2929 2932 2930 2924 Nd 2933 Asymmetric ~-CH>- stretching [36]

1718 Nd Nd 1717 Nd  Nd C=0 stretching in -COOH, ketones and [24,36]
esters

1633 1645 1645 1620 Nd Nd  Sronsly H-bonded C=0,aromatic -C=C=, ¢ 1)
stretching

Nd 1556 1558 Nd 1593 1593 asymmetric s.tretch of -COQ;, aromatic — [24,26,36]
C=C- stretching

Nd 1408 1408 1402 Nd  Nd O-H an'd C-OH stretchl‘ng of phenols, [28,29]
aromatic —-C=C- stretching

1385 1385 1385 1385 1385 1385 symmetric -COQ' stretching, [24,26,36]
C-O stretching and O-H deformation in — 24,26

1236 1240 1238 1242 Nd Nd COOH, C-O stretching of ethers and .

28,36]

alcohols/phenols

Nd 999 1003 1051 Nd 1049 C-OH stretching in polysaccharides [29,35,36]

INd - not determined.

d0i:10.20944/preprints202411.0021.v1
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Figure 2. FTIR spectra at 3700-2900 cm™ (a, b), at 1800-1500 cm™ (¢, d), and at 1500-900 cm) (e, f) of
pure FAs (pH 2.9), FAs+Al* (pH 5.7), HAs and HAs+AI** (pH 7.1), and the spectra after the adsorption
of selected PAAHs. The spectra of HAs+Al3*, HAs+AIF*+MCPA, and HAs+AI**+DCPP-P were shifted
up to avoid overlap.

The adsorption of PAAHSs on FAs at a native pH of 2.9 led also to an increase in the absorbance
of the band of -OH groups at 3427 cm™ (Figure 2). In comparison with the band for pure FAs, the
greatest increase was observed for MCPB and 2,4-DB. The above can be attributed, among other
things, to the fact that at pH 2.9 MCPB and 2,4-DB occurred almost exclusively (= 99%) in neutral
forms, whereas the neutral forms of the remaining PAAHs were noted in the range of 57-69%. The
spectra of FA samples with adsorbed PAAHs were decreased in the range of 3300-3000 cm' and 3000-
2900 cm! (Figure 2a). The higher part of this shoulder (around 3270 cm!) is associated with phenolic
and/or alcoholic -OH groups, and the lower part (2976 and 2930 cm™) is associated with aliphatic —
CHs and — CHz- groups [24]. Moreover, the spectra associated with C-OH stretching in alcohols in
the range of 1180-1040 cm’, and the spectra associated mainly with C-OH stretching in
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polysaccharides in the range of 1040-1000 cm were decreased [29,35,36]. The above points to the
presence of H-bonds and hydrophobic and/or van der Waals interactions between FAs and PAAHs.

Wu et al. [2] found a similar decrease in peak absorbance at ~ 3400 cm!, and similar changes in
peaks at ~3000 cm? and ~1730 cm for MCPA adsorption on the hydrophobic acid fraction of
dissolved organic matter which can be largely identified with FAs.

After the adsorption of PAAHSs on FAs+Al* at pH 5.7, noticeable changes were observed in the
bands identified at 1558, 1408, and 1385 cm!, and they were attributed to vibrations in -COQO", as well
as O-H and C-OH in phenols. The changes noted in the band at 1238 cm™ were associated with C-O
stretching in aryl ethers and alcohols/phenols (Table 3). The above bands had similar patterns: the
absorbance for MCPA was strongest, and the absorbances for DCPP-P, 2,4-DB were weakest. In our
previous study [5], the sorption sites associated with the Al* species adsorbed by FAs had the
weakest affinity for MCPA and 2,4-D, and the strongest affinity for 2,4-DB, MCPB and DCPP-P.
Therefore, the weaker the absorbance of the bands for -COO" with the adsorbed Al* species, the
stronger the interaction with PAAHs.

The absorbance of FA+Al* coagulate samples at 3431 cm! was enhanced after the adsorption of
PAAHs at pH 5.7, and the greatest increase was observed for DCPP-P, 2,4-DB, MCPB, MCPP-P, and
2,4-D. For MCPA, no visible differences were observed compared to the pure coagulate. This
observation suggests that the number of H-bonds increased after the addition of five PAAHs.
Moreover, the spectra in the range of 1220-1100 cm! (C-OH stretching in alcohols and phenols) were
decreased for all PAAHSs. In addition, the band of -OH groups in polysaccharides, which increased
after the addition of Al**to FAs (999 cm™ in Figure le), decreased after the addition of all PAAHs
(1003 cm in Figure 2e). The above findings indicate that -OH groups in alcohols, phenols and
polysaccharides are involved in the adsorption of PAAHs.

Al species are adsorbed by FAs mainly via a cation exchange mechanism, which, in pure FAs
involves the release of H* from the -COOH group [34,38]. Simonsson [34] reported that some of the
Al** was adsorbed by FAs in a partially hydrolyzed form. This observation also indicates that some
surface sites associated with the adsorbed Al* can be positively charged, depending on the pH and
the amount of adsorbed Al**. At pH 5.7, A[(OH)2* is the dominant form in aquatic solutions, and only
trace amounts of Al3* are present [39]. At this pH, 78.0% of MCPB, 90.1% of 2,4-DB, and > 99.7% of
other PAAHSs are present in anionic form. These results suggest that Al** bridges and H-bonds are
the main mechanisms by which the anionic forms of PAAHs are adsorbed on FAs.

2.1.3. FTIR Spectra of HAs, and HAs+Al3* After the Adsorption of PAAHs

As previously mentioned, at low pH, pure HAs adsorb relatively large amounts of the neutral
forms of PAAHs (which are much lower than the amounts adsorbed on FAs), whereas at higher pH,
only the anionic forms of MPCB and 2,4-DB are adsorbed. However, since HAs were complexed with
AP+, the anionic forms of MCPA, 2,4-D, MCPP-P and DCPP-P were adsorbed in large amounts,
whereas the adsorption of the anionic forms of MCPB and 2,4-DB was slightly inhibited [5]. It should
be noted that within the pH range of 6.9-7.8, the addition of PAAHs to vigorously stirred suspensions
of HAs complexed with Al3* caused a notable increase in pH (Figure 3).

d0i:10.20944/preprints202411.0021.v1
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Figure 3. Changes in pH after PAAHs or the blank solution were added to the suspensions of HAs
complexed with AI** species. The added solutions had the following initial pH: 4.86 (2,4-DB), 4.14
(DCPP-P), 4.16 (MCPP-P), 4.19 (MCPA), and 6.64 (blank).

The adsorption of MCPB and 2,4-DB on HAs adjusted to pH 7.1 increased the right shoulder
(3350-2900 cm!) of the band (3423 cm). Moreover, a minor increase in the MCPB spectrum was noted
around the band at 1242 cm. This suggested existence of H-bonds with -OH groups of alcohols and
phenols and hydrophobic interactions (Figure 2).

In the spectrum of 2,4-DB adsorbed on HAs+Al3* at pH 7.1, the absorbance in the band at 3423
cm! slightly decreased, the changes in the range of 3350-2900 cm disappeared, and minor
absorbance decreasing was observed in the range of 1280-1100 cm!. At 1593 cm”, the bands for 2,4-
DB were identical when this herbicide was adsorbed on pure HAs and in the HA+AI’* system, which
suggests that for both adsorbents, -COO" groups were not involved in adsorption. It should be noted
that in the HA+AI* system, only uncharged sorption sites associated with adsorbed and partially
hydrolyzed Al* species were present on the surface of HAs at pH 7.1 [39].

The adsorption of DCPP-P and MCPA (representative derivatives of propionic acid and acetic
acid, respectively) on HAs+Al3* at pH 7.1 decreased absorbance of the band at 3423 cm! and increased
the shoulder of hydroxyl group band in the range of 3300-2900 cm™, which suggests that H-bonds
and hydrophobic interactions contributed to the binding of the anionic forms of these herbicides.
Moreover, a minor increase was observed in the absorbance of the band at 1385 cm!, which suggested
that -COO  groups in HAs with adsorbed Al** species made a small contribution to the adsorption of
the anionic forms of these herbicides.

2.2. Thermodynamic Analysis of the Adsorption of PAAH Anions on FAs+Al>* and HAs+A*

2.2.1. Thermodynamic Equilibrium Constant of Adsorption (K)

Thermodynamic parameters allow for a better understanding of the inherent energetic changes
that occur during the adsorption processes, and their underlying mechanisms. MCPA and DCPP-P
were selected as adsorbates because our previous study [5] suggested that the anionic form of MCPA
should have the lowest affinity for adsorption in humic substances via the bridges formed by the
adsorbed Al** species, whereas the DCPP-P anions are characterized by one of the highest affinity.
The adsorption experiments involving FA+Al* (pH 5.1) and HA+AI** (pH 8.0) suspensions were
carried out at 5°C, 20°C, and 39°C.

The thermodynamic equilibrium constant (K,), which is used to determine thermodynamic
parameters, can be expressed by the following formula [40]:

_ A4 _ Vs Csads(eq)
Ky =—=— ads (1)
Qaq Vaq Cagq (eq)
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where: a; and a,, denote the activities of the adsorbed PAAH anions and PAAH anions in the
aqueous phase at the adsorption equilibrium; vs; and v,, denote the activities of the adsorbed
PAAH anions and PAAH anions in the aqueous phase; and C&*(eq) and ngs (eq) denote the
surface concentrations of PAAH anions (mmol/g) and the concentrations of PAAH anions in the
solution at the adsorption equilibrium (mmol/mL), respectively. Equation (1) is reduced to the
following form when the concentration of the solute in the solution approaches zero:

a5 _ Cé%(eq)
QAaq - Cz‘zlgs(eQ) (2)

K():

c895(eq)
c&45(eq)

The values of K, in Table 4 were estimated by plotting In versus C3d5(eq) and

extrapolating C3%(eq) to zero [40].

Table 4. Thermodynamic parameters of the adsorption of MCPA and DCPP-P on FAs and HAs
complexed with AI3* species.

0
Sample  PAAH pH T(K) Ky AG"(J/mol)  AH(KJ/mol) g) (fmol
27815 267.00 -12.92 -8,4 16.2 0.985

FAs+Al*  MCPA 510 293.15 23149 -13.27
312.15 179.74 -13.47

278.15 450.18 -14.13 -29 40.3 0.973
FAs+AP*  DCPP-P 5.08 293.15 413.76 -14.69
312.15 39213 -15.50

27815 3691 -8.34 -5.3 10.8 0.907
HAs+Al»* MCPA 797 293.15 3059 -8.34
31215 28.68 -8.71

796 27815 58.86  -9.42 2.4 25.5 0.958
HAs+AP*  DCPP-P 293.15 57.03  -9.86
312.15 52.73  -10.29

The data presented in Table 4 indicate that at the same temperature, K, for adsorption of DCPP-
P was higher than K, for MCPA adsorption, and that the adsorption for both herbicides decreased
with a rise in temperature. Moreover, the adsorption of MCPA and DCPP-P was much higher on the
FA+AI fraction than on the HA+AI3* fraction.

2.2.2. Thermodynamic Parameters of Adsorption

The thermodynamic parameters of adsorption were determined based on the K, determined at
three temperatures. The standard Gibbs free energy (AG°) was calculated using the following
equation [20,21]:

AG® = —R T InK, 3)

where: R is the molar gas constant (8.314 J/(mol K)), and T is absolute temperature. Next, 4H® and
standard entropy (45°) were calculated from the plot R InK, versus 1/T derived from the Van’t Hoff
equation [20,21]:

AHO  As®

anO = _F+T (4)

In this plot, the slope of the linear model obtained for three datapoints (1/T, R InK,) is equal to
—AH® (J/mol) (see Eq. 4), and the intercept is equal to 4S° (J/(mol K)).

The obtained negative values of AG 0 (Table 4), indicate that the process is feasible and that
PAAHs are spontaneously adsorbed on the surface of the examined adsorbents [40]. The obtained
negative values of AH° indicate that adsorption was an exothermic process. The values of AH®
values were always lower for MCPA and higher for DCPP-P, and they were lower for the FA+AI>*
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fraction and higher for the HA+AI* fraction. Changes in adsorption enthalpy for physisorption and
chemisorption generally occur is in the range of -20 to 40 kJ/mol and -400 to -800 kJ/mol [20,21],
respectively. Therefore, the obtained values in the range of -8.4 to -2.4 indicate that herbicide
adsorption on the examined adsorbents was a physical process. Positive values of AS® indicate
randomness at the solid-solution interface during adsorption [20,21].

2.3. Molecular Modeling Results

The structure of the molecular and anionic forms of the examined PAAHs was analyzed in detail
to determine the most probable mechanisms by which these PAAHs were adsorbed on FAs and HAs.
The calculations were performed using Hartree-Fock theory approach at 6-311G** level [41]), and it
revealed that electrostatic charge distributions were similar for all PAAHs. Therefore, the neutral and
anionic forms of 2,4-DB and MCPP-P characterized by the highest and lowest adsorption in soils [5]
were regarded (Figure 4) as representative in this study. Mulliken charges of atoms are presented in
Table S1 in Supplementary Materials.

(@) (b)
354.016 322,698

Ize4 189 2532861
214.362

196.623
74

-181.602

ﬁ -204.602

(d)
-128.405

-194.177
-259.950

. -391.495

. -654.585

Figure 4. Molecular electrostatic potential (MEP) density of the neutral forms of (a) 2,4-DB and (b)
MCPP-P, and ((c) and (d), respectively) their anionic forms (in kJ/mol), as well as their dipole moment.
Deepest blue color - the highest positive potential; deepest red color - the highest negative potential;
intermediate shades - intermediate potential regions. The electrostatic potential profile was
superimposed on the MEPs at —20 kcal/mol (-83.7 kJ/mol) for the neutral forms and -100 kcal/mol (-
418.7) kJ/mol for the anionic forms.

The highest negative potential was localized on the oxygen atom of phenoxy and carboxylic
groups. In acetic derivatives, the negative potential formed a single area, whereas in butanoic and
propionic acid derivatives, the negative potential was divided into two smallest areas around the -
COOH group. A lower negative potential was also observed on Cl atoms, and it could play an
important role in van der Waals interactions. In the anionic forms of PAAHS, negative potential
increased significantly in the area of the -COO- group (Figures 4c and 4d) (IzoValue at 100 kcal/mol).
The dissociation process was also accompanied by a change in the value of the dipole moment.
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3. Discussion — Adsorption Mechanisms Predicted Based on FTIR Data, Thermodynamic
Parameters and the Results of Molecular Modeling

3.1. Adsorption of the Neutral forms of PAAHs

It is generally accepted that the neutral forms of acidic pesticides containing a carboxyl group
form H-bonds with the involvement of these groups, as well as with the carboxyl, ester (R-COO-R")
or carbonyl (R-CO-R’) groups of organic matter [42,43]. H-bonds can also be formed by PAAHs, and
they represent one of the key mechanisms by which PAAHs are adsorbed by humic substances.
However, steric effects should also be considered because they can restrict the formation of H-bonds
[42,43].

In the FTIR spectrum of FAs with adsorbed PAAHs (pH 2.9), changes were observed in the
absorbance of broad bands formed by the groups involved in the formation of H-bonds, especially at
3427,1718, and 1236 cm! (Figure 2). The most pronounced changes were noted for the most strongly
adsorbed MCPB and 2,4-DB. In comparison with other acids, the adsorption of the molecular form of
butanoic acid derivatives is much stronger because these compounds are weaker acids and contain
the longest, unbranched alkyl chain. At pH 2.9, these compounds are characterized by the highest
content of molecular forms that can form H-bonds and undergo adsorption on FAs. On the other
hand, MCPB and 2,4-DB molecules have a significantly higher number of rotatable bonds (5, the
remaining 3), which increases their conformational abilities and significantly reduces the
requirements for the location of additional sorption sites of humic substances. It can be assumed that
nt-1t stacking interactions between the phenyl ring and the aromatic structures of FAs are the second
most important force. Due to the high lability of these molecules, such interactions are more likely to
occur in butanoic acid derivatives, which contributes to an increase in their adsorption (Figure 5)

relative to other PAAHs.
OOH
Hooc/@rt?
Y\/\O \g COOH

(@)

(b)
Cl

X: Me, CI

Figure 5. Proposed mechanisms of the adsorption of (a) the neutral forms of PAAHs at pH 2.9 on FAs,
and (b) the anionic forms of PAAHSs at pH 5.7 on FAs complexed with AI**. The model structure of
FAs according to Buffle [44].

In addition, the non-polar surface and log P values increased in MCPB and 2,4-DB molecules,
which promoted hydrophobic interactions (Table 1). Thus, the interactions between PAAHs with a
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long hydrocarbon chain and FAs are associated with an additional affinity for the hydrophobic areas
of these molecules, which also contributes to an increase in their adsorption. This observation is
supported by the fact that non-specific van der Waals forces were also highest in MCPB and 2,4-DB.
These interactions decrease rapidly with an increase in the distance between the adsorbent and the
adsorbate. Therefore, PAAH molecules with greater conformational ability, i.e. the ability to maintain
close contact with the appropriate sites on the surface of the adsorbent [42], should make a greater
contribution to the interactions in the adsorption process.

It can be assumed that these interactions played a key role in PAAHs that were adsorbed on
HAs at pH 2.9. The share of these interactions changed only in response to changes in the structure
of FAs and HAs. 3C CP/MAS NMR spectroscopy revealed more than a two-fold decrease in the
number of -COOH groups in HAs (Table 2), which decreased the number of possible H-bonds.
However, the FTIR spectra of HAs and 3C CP/MAS NMR data indicate that the share of aromatic
fragments increased significantly, thus increasing the number of 7-7t stacking interactions, as well as
their contribution to the adsorption forces in HAs. In turn, hydrophobic interactions were probably
reduced due to the smaller share of alkyl fragments (Table 2).

Similar forces were described by Wu et al. [2] when MCPA was adsorbed at pH 2 on the
hydrophobic acid (HOA) fraction of water-soluble organic matter with a similar structure to FAs.
However, the contribution of hydrophobic interactions to total sorption on HOA was higher in the
cited study. Wu et al. [2] argued that the aromatic structure associated with the polar groups of
organic matter polar fractions plays a key role in the interactions with phenoxy herbicides at low pH,
which corroborates the results of the present study.

In conclusion, the differences in the acidity (pKa) of butanoic, propanoic, and acetic acid
derivatives, the differences in log P values, and the differences in the lability of the examined PAAHs
were responsible for the differences in the adsorption of their molecular forms on FAs and HAs.

3.2. Adsorption of Al3* and the Anionic forms of PAAHs

The addition of Al** species to the solution led to the coagulation of FA colloids, with a maximum
at pH 5.0-5.5 [45]. Changes in the absorbance of the bands corresponding to asymmetric and
symmetric stretching of -COO™ groups were noted in the FTIR spectrum after the addition of Al** (at
pH 5.7 in FAs and at pH 7.1 in HAs), but shifts were not observed. The above can be attributed to the
formation of outer-sphere complexes between -COO™ and Al3* species [26]. Based on the observation
that at pH 5.7, Al species occur in an aqueous solution in the following sequence: AI(OH)z*> AI(OH)s
> AIOH?* > AP [39], and the assumption that the adsorption of Al** on FAs neither favors nor inhibits
hydrolysis [34], and that bidentate complexes composed of two —-COO" groups are predominant [46],
it can be hypothesized that [(-COO)AP*(H20)¢]* and [(~COO)2AP+(H20)sOH] [47] were the
predominant outer-sphere complexes. Numerous authors [34,45,48] have postulated that Al** is
complexed by humic substances in partially hydrolyzed forms. Research has shown that outer- and
intra-sphere complexes can be formed between humic substances and Al*, and a predominance of
the former was reported by Nordin et al. [49], Guan et al. [50] and Elkins et al. [16], whereas a
predominance of the latter was postulated by Aquino et al. [47] and Jin et al. [26]. In studies analyzing
the thermodynamics of the interactions between Al* and humic substances, the values of AH°
ranged from -10.52 kJ/mol do 2.19 kJ/mol [51,52], i.e. were within physical sorption range [20,21],
which suggests that outer-sphere complexes should predominate [38]. It should also be noted that
bidentate Al**- humic substance complexes can be formed by carboxyl groups forming an oxalic acid-
like ligand [45], carboxyl groups of the adjacent hydrocarbon chains [47]), and, above all, two
carboxyl groups located in the 1,2 position of the benzene ring [53].

At pH 5.7, the absorbance of the band corresponding to -OH groups in FAs (3425-3431 cm)
after the addition of Al* was higher than the absorbance of the band corresponding to pure FAs
(Figure 1a). This difference can be largely attributed to the superposition of the vibrations of -OH
groups in FAs with the vibrations of -OH groups in the adsorbed and precipitated AI(OH)3[54]. In
turn, the absorbance of the pure FAs band was lower at pH 5.7 than at pH 2.9, probably due to the
superposition of OH groups in -COOH that were not dissociated at pH 2.9. However, these results
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do not rule out the presence of H-bonds, including the bonds between the hydroxyl group of the [(-
COO):AP*(H20)s0H] complex and the adjacent hydroxyl or phenolic groups of FAs or HAs. The
presence of such an adsorption mechanism has been suggested by Lu et al. [45] and Jin et al. [26].

As previously mentioned, the maximum adsorption of anionic forms of PAAHs on FAs
complexed with Al** occurred at around pH 5.0-5.5, and adsorption decreased to zero at pH ~ 7.0 [5].
The above suggests that adsorption decreased with a decline in the number of positive sorption sites
of the adsorbed Al** species. Assuming that outer-sphere complexes [(-COO)2A3*(H20)s]* were the
dominant type of positive sorption sites in the studied FAs, and given that the AH® values for the
adsorption of the anionic forms of PAAHs (denoted as [PAA]) ranged from -8.4 kJ/mol to -2.9 kJ/mol
(which is why adsorption was not associated with the band shifts of their -COO™ groups complexed
with Al®*), the dominant adsorption mechanism can be described by a very simple equation:

[(<COO ) AB(H20)s]* + [PAA] & [(~COO )2 AB(H:0)6 [PAA] (5)

Moreover, visible changes in band absorbance at 3431, 1238, and 1003 cm (Figure 2a) point to
the presence of H-bonds between the ether group of the PAAH anion and the hydrogen atom of the
hydroxyl or phenol group, or even the hydroxyl group of polysaccharides. In addition, changes in
absorbance at 2976 and 2930 cm! point to the presence of hydrophobic interactions between the
aliphatic chains of PAAHs and FAs.

At pH 7.1, pure HAs adsorbed only MCPB and 2,4-DB anions. The adsorption process occurred
at this pH despite the fact that the dissociated carboxyl groups of the adsorbate and adsorbent
repelled each other. The changes in bands absorbance at 3350-2900 cm™ and at ~ 1242 cm! indicate
that adsorption was mediated by hydrophobic interactions between the aliphatic chains of the
adsorbate and the adsorbent, and by H-bonds with alcohols and phenols [36]. However, the large
number of aromatic groups in HAs and the small number of hydrocarbon chains suggest that mt-mt
stacking interactions were dominant. The fact that only MCPB and 2,4-DB anions were adsorbed can
be attributed to their structure — these PAAHs have the longest unbranched hydrocarbon chain with
large conformational possibilities (highest flexibility) and are characterized by the highest log P
values.

The adsorption of the anionic forms of MCPB and 2,4-DB decreased considerably after the
formation of HA+AIP* complexes. A comparison of the FTIR spectrum of the adsorbent with the
spectra after the adsorption of MCPB and 2,4-DB anions indicates that only H-bonds participated in
the adsorption of herbicides (significant changes in absorbance were observed at 3423 cm™ and minor
changes were noted at 1280-1100 cm). In contrast, the formation of HA+AI* complexes led to the
adsorption of the anionic forms of 2,4-D, MCPA, DCPP-P, and MCPP-P. In this case, changes in band
absorbance were observed at 3423 cm™ and in the range of 3300-2900 cm™ (H-bonds and hydrophobic
interactions), and at 1385 cm™ (interactions with carboxyl anions with adsorbed Al*). However, it
seems that also in this case the m-1t stacking interactions should occur.

As previously noted, the adsorption of the anionic forms of all PAAHs by HAs complexed with
Al** was independent of pH (the same adsorption was observed for individual herbicides in the pH
range of 5.5-8.0). Experiments (Figure 3) showed that the addition of the anionic form of PAAHSs to
the suspension of HAs complexed with Al** caused an immediate increase in pH. Assuming that only
[(-COOM):2AIOH?(H20)5] and [(COO)2AI(OH)2(H20)4]” complexes were present on the surface of
HAs in the pH range of 7.0-8.0, it can be hypothesized that the addition of the anionic form of PAAHs
caused the following reaction to occur:

[(~COO)2AIOH2(H20)s5] + [PAA] + H20  [(-COO )2 Al*(H20)6]* [PAA] + OH (6)

It should be assumed that reaction (6) occurred simultaneously with sufficiently strong H-bonds
supported by hydrophobic and/or m-m interactions (Figure 6). If H-bonds, hydrophobic and m-mt
interactions were the dominant forces in the adsorption process, and the ligand exchange mechanism
was only an accompanying process, the proposed mechanism could occur in the pH range of ~ 5.5-
8.0, independently of pH. Moreover, this mechanism explains the observed changes in pH (Figure 3),
it is consistent with the obtained FTIR results (Figure 2), the differences in the structure of FAs and
HAs (Table 2), and AH® values (Table 4).
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Figure 6. Proposed mechanisms of the adsorption of the anionic forms of PAAHs at pH 7.1 on HAs
complexed with AI**. The model structure of HAs according to Stevenson [55].

4. Materials and Methods

4.1. Materials and Chemicals

Methanol stock solutions (250 mg/L) of the analyzed PAAHs were prepared using certified
analytical standards (99.9% = 0.1, Sigma-Aldrich, Poznan, Poland; or 99.7-99.8% + 0.1, Institute of
Organic Industrial Chemistry, Warsaw, Poland) and HPLC grade methanol. Aqueous solutions of
PAAHs (25 mg/L), were prepared from the stock solutions using ultrapure water with a conductivity
of 0.05 uS/cm. The remaining chemicals and solvents used in this study were of analytical or HPLC
grade.

4.2. Isolation of FAs and HAs

The examined FA fraction was isolated from the Ap horizon of typical Polish Luvisols (OC
content 0.88%, pH 4.5), and the HA fraction was isolated from the Ap horizon of typical Chernozems
(OC of 1.92%, pH 7.1) [56] (classification according to WRB [57]). These soils have been assigned code
numbers 590 and 587, respectively, in the Database of Polish Arable Mineral Soils [56] kept by the
Institute of Agrophysics of the Polish Academy of Sciences in Lublin. The properties and locations of
the above soil profiles were presented previously by Siek and Paszko [58]. FAs and HA fractions
were extracted using 0.1 M NasP207, and the obtained extracts were acidified to pH 1.2 with 6 M HCI
to promote the sedimentation of HAs [11,12,59]. The FA fraction was isolated with Amberlite™
XAD7HP resin from Supelco® [59], and the HA fraction was purified according to the IHSS [12]
procedure. The FA and HA isolation procedures were described in detail by Paszko et al. [5].

4.3. Adsorption Experiments

4.3.1. Adsorption of PAAHSs on FAs at pH 2.9 and FAs+Al** at pH 5.7

A stock solution of FAs (0.468 mg/mL) was used in adsorption experiments. In the experiments
conducted at native pH, the stock FA solution was pipetted (7.0 mL) into duplicate test tubes,
followed by 0.4 M KCl solution (0.677 mL), and 25 mg/L of the PAAH solution (5.86 mL) or the same
volume of ultrapure water with methanol (9 : 1 v/v; blank sample). The test tubes were agitated for
24 h on a rotator (20 rpm/min) at 20 + 0.5 °C; the pH of the solutions in the test tubes was measured
at the end of agitation, and the duplicate samples were freeze-dried for the FTIR analysis. The initial
concentration of PAAHs in the FA solution was 10.8 mg/L (the OC ratio of FAs to PAAHs was 10 : 1
mg/mg), and the concentration of KCI (inert electrolyte) was 0.02 M.
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In adsorption experiments conducted at pH 5.7 using FA+Al3* suspensions, the stock FA solution
(7.0 mL) and 0.1 M KOH solution were pipetted (0.63 mL; pH was increased to ~5) into duplicate test
tubes, and the tubes were agitated (0.5 h). Next, 3 mg/mL of Al3* was pipetted (0.685 mL; AlCls was
used); the test tubes were agitated (0.5 h); 0.1 M KOH solution was added (1.54 mL), and the tubes
were agitated again (0.5 h). Finally, 0.4 M KCl solution (0.827 mL) and 25 mg/L of the PAAH solution
(5.86 mL) or the same volume of the blank sample were pipetted into the test tubes. The following
steps were identical to those applied to pure FAs. The initial concentration of PAAHs in the FA+AI3*
suspension was 8.86 mg/L (the OC ratio of FAs to PAAHs was 10 : 1 mg/mg); the concentration of
KCl was 0.02 M, and the mean Al3 : PAAH ratio was 117 : 1 mmol/mmol.

In analyses investigating the thermodynamic parameters for MCPA and DCPP-P adsorption at
pH 5.1 on FAs complexed with Al*, the stock FA solution was pipetted (0.800 mL) into test tubes and
combined with ultrapure water (0.325 mL). Next, 0.1 M NaOH was added (0.070 mL) to adjust the
pH to ~5.2, and the samples were agitated on a rotator (1 h, 20 rpm, 20°C); 4.94 mg/mL of AlCls (0.117
mL) was added, and the samples were agitated (1 h); the pH was once again adjusted to ~ 5.2 by
adding 0.1 M NaOH (0.100 mL) and the samples were agitated (1 h); again 4.94 mg/mL of AlCls (0.117
mL) was added and again the samples were agitated (1 h); 0.1 M NaOH (0.117 mL) and 0.4 M CaCl:
(0.045 mL) were added, and the samples were agitated again (12 h, 20 rpm, 20°C). In the following
step, the pH of each of the 36 samples was measured, and a third of the samples were agitated (2 h)
at 5°C, 20°C, or 39°C. Next, 5 mg/L, 10 mg/L or 25 mg/L solutions of MCPA or DCPP-P were added
in duplicate (0.109 mL), the samples were agiated at 5°C, 20°C, or 39°C (24 h, 20 rpm), centrifuged at
5°C, 20°C or 39°C (20 min, 3300 g), and the liquid phase was sampled for HPLC analysis. A detailed
description of the HPLC analysis can be found in [5].

4.3.2. Adsorption of PAAHs on HAs, and HAs+Al* at pH 7.1

The adsorption of PAAHs on pure HAs at pH 7.1 was examined using duplicate HA samples
(3.5 mg) combined with ultrapure water (1.265 mL) and 0.1 M KOH (0.190 mL). The suspensions in
the test tubes were agitated on a rotator (0.5 h); 0.4 M KClI solution was added (0.09 mL), followed by
solutions (0.252 mL) of 25 mg/L of MCPB or 2,4-DB or the same volume of a blank sample. The initial
concentration of PAAHSs in 0.02 M KCl was 3.5 mg/mL, and the OC ratio of HAs to PAAHs was 300
: 1 mg/mg. The test tubes were agitated on a rotator (24 h); the pH of HA suspensions was measured
at the end of agitation, and the samples were freeze-dried for the FTIR analysis.

The adsorption of PAAHs on HAs with the adsorbed Al species at pH 7.1 was examined using
the duplicate HA samples (3.5 mg) combined with ultrapure water (0.848 mL) and 0.1 M KOH (0.100
mL; pH was increased to ~5). The suspensions in the test tubes were agitated (0.5 h); 0.3 mg/mL of
the Al* solution (as AlCls) was added (0.35 mL); the test tubes were agitated again (0.5 h); 0.4 M KClI
(0.09 mL) and 0.1 M KOH (0.100 mL; pH was increased to ~ 7.1) were added, and the tubes were
agitated for the third time (2.0 h). Finally, 25 mg/L solutions of selected PAAHs or the blank sample
(0.252 mL) were added. The following steps, including agitation for 24 h, were identical to those
applied to pure HAs.

The above procedure was used in separate experiments analyzing changes in pH during the
adsorption of PAAHs on HAs complexed with Al** species, but HA suspensions were stirred rapidly
using a magnetic stirrer. After the addition of 0.4 M KCI (0.09 mL), 0.1 M KOH was added to adjust
pH to 6.9-7.8, and the pH of the stirred suspension was measured at 1 min intervals during
equilibration (3.0 h). Next, 25 mg/L solution (0.252 mL) of selected PAAHs was added, the pH was
measured, and the suspension was equilibrated (1.0 h). The results, limited to 4 min before and 6 min
after the addition of PAAH or the blank solution are presented in Figure 3.

In experiments analyzing the thermodynamic parameters of MCPA and DCPP-P adsorption at
pH 8 on HAs complexed with Al%*, 36 HA samples were weighed (2.9 mg) into test tubes, ultrapure
water was added (1.028 mL), pH was adjusted to ~ 5.2 with 0.1 M NaOH (0.081 mL), and the samples
were agitated ((1 h, 20 rpm, 20°C). Next, 1.65 mg/mL of AICls was added (0.282 mL), and the samples
were agitated (1 h); 0.1 M NaOH (0.214 mL) and 0.4 M CaClz (0.045 mL) were added, and the samples
wqere agitated again (12 h, 20 rpm, 20°C). In the following step the pH of the samples was measured
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and a third of the samples were agitated (2 h) at 5°C, 20°C, or 39°C. Next 3 mg/L, 6 mg/L, or 9 mg/L
solutions of MCPA or DCPP-P were added in duplicate (0.150 mL); the samples were agiated at 5°C,
20°C, or 39°C (24 h, 20 rpm), were centrifuged at 5°C, 20°C, or 39°C (20 min, 3300 g), and the liquid
phase was sampled for HPLC analysis.

4.4. Fourier-Transform Infrared spectroscopy

Fourier-transform infrared spectroscopy was used to assess the potential interactions between
FAs or HAs, the added Al*, and PAAHSs. For this purpose, 1 mg of freeze-dried preparations were
combined with 200 mg of spectrally pure KCl to obtain a homogeneous mixture that was pressed into
thin pellets (10 tons in 5 minutes). FTIR spectra were recorded on a Tensor 27 FTIR spectrometer
(Bruker Optics, Germany) in the range of 900-3700 cm™, with a spectral resolution of 2 cm”, the
number of scans was 256 items. Raw data were processed with a 25-point smoothing function based
on the Savitsky-Golay algorithm to reduce spectral noise and produce more meaningful spectra. Data
were converted from absorbance to transmittance using the absorbance = 2-log(transmittance)
formula, and the results were corrected for atmospheric CO2. The baseline was corrected using the
rubberband method (100 baseline points, 50 iterations), and the entire spectral range was normalized
with a vector technique.

4.5. Molecular Modeling

The models of PAAH molecules and anions were built with standard bond length and angles
using the PC SPARATN’10 Pro Ver. 1.1.0 molecular modeling software [60]. The energy was
minimized by molecular mechanical methods, and the conformer with the lowest potential energy
was used in further analyses. The structure was optimized with the Hartree—-Fock method at 6-
311+G** level and equilibrium geometry of the ground state [60]. In ab initio calculations, 6-311+G**
is a valence triple-zeta polarized basis set that adds a set of polarizing d-functions to heavy atoms
and a set of polarization p-functions to hydrogen (6-311+G(d,p)) [41]. It is often applied to calculate
the electronic properties of small organic molecules with biological potency [61-63]. The Mulliken
atomic charge was determined according to Singh and Kollman [64]. The calculations for anionic
forms were conducted based on the total anion charge.

5. Conclusions

This study demonstrated that the adsorption mechanisms of PAAHSs on pure FAs and HAs and
on FAs and HAs complexed with Al3+ involved physical adsorption mechanisms. This observation
was confirmed by the obtained thermodynamic parameters of adsorption and FRIR spectra.

At low pH, the neutral forms of PAAHs were bound mainly via H-bonds between their
nondissociated carboxyl groups and the carboxyl or hydroxyl groups of FAs and HAs. Moreover, the
presence of hydrophobic and m— 7 stacking interactions with FAs and HAs was observed, mostly in
the case of MCPB and 2,4-DB molecules. These derivatives of butyric acid have five rotatable bonds
(the remaining ones have three), which significantly increases their conformational abilities.

The highest conformational abilities of MCPB and 2,4-DB also promoted the adsorption of their
anionic forms on surface HAs at high pH, despite the fact that HA surfaces were partly negatively
charged due to the dissociation of their carboxyl groups. The anionic forms of MCPB and 2,4-DB were
adsorbed on HAs mainly via hydrophobic and m—7t stacking interactions and H-bonds.

The complexation of FAs and HAs with Al* created a positive charge on their surfaces, mainly
due to the formation of Al** bridges with two dissociated carboxyl groups of FAs and HAs. Both
types of humic substances formed outer-sphere complexes with Al**. The complexation of FAs with
AP+ promoted the formation of outer-sphere complexes between the anionic forms of PAAHs and
the outer-sphere complexes of FAs with Al*. In the created PAAH-AI*~FA ternary complex, the
electrostatic interactions between the -COO’ group of PAAHSs, [Al(H20)s]**, and two -COO" groups
of FAs were dominant. The above complex should exist at a pH up to 7-7.5 because at pH 7-7.5, only
Al(OH)s and small amounts of [AI(OH):]* exist in aquatic solution.
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The complexation with Al* led to the coagulation of FAs and HAs, which largely decreased the
surface of these complexes and, consequently, the number of their available sorption sites. This is the
main reason why the adsorption of the anionic forms of MCPB and 2,4-DB was lower on HAs+AI3*
than on pure HAs (none of the anionic forms of PAAHs was adsorbed on pure FAs, and only the
anionic forms of MCPB and 2,4-DB on pure HAs).

Contrary to adsorption on FAs+Al*, the adsorption of the anionic forms of PAAHs was
independent on pH and occurred even at pH > 8. The study demonstrated that the adsorption of the
anionic forms of PAAHs on HAs+Al* was associated with a slight increase in pH. Therefore, it was
postulated that the mechanisms of adsorption on HAs involved a ligand exchange between a loosely
bound hydroxyl group of hydrolyzed Al* complexed with this adsorbent and the anionic form of the
herbicide. However, in this case, adsorption took place only in the presence of sufficiently strong
hydrophobic and m-m stacking interactions supported by H-bonds, and the ligand exchange
mechanism was only an accompanying process. When the above conditions are fulfilled, the
proposed mechanism could occur in the pH range of ~ 5.5-8.0, independently of pH.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Table S1: Mulliken charge of atoms calculated by the Hartree-Fock method at 6-
311+G** level.
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