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Abstract: In real soils the interaction of humic substances with clay minerals often occurs with the
participation of metal cations. The adsorption of fulvic acids (FA) solution and their solutions in
the presence of heavy metal ions (Pb or Zn) on two clay minerals (kaolinite and bentonite) was
investigated by measurement of the optical density changes in the of equilibrium solutions. The FA
adsorption by bentonite at the concentrations 0.05-1 g/L proceeds according to the polymolecular
mechanism and has a stepwise character. The adsorption of FA on kaolinite can be described by the
mechanism of monomolecular adsorption. In three-component systems, including FA, trace element
ions and a clay mineral, complex processes occur, including the formation of complexes and salts
and their adsorption. The sorption of colored complexes of FA with Pb on the surface of kaolinite
and bentonite increases with increasing metal concentrations (0.5-2 mmol/L). The interaction of the
FA-Zn?* compounds with bentonite is a more complicated process—adsorption takes place at the
lowest concentration used only. Thus, binding of FA by clay minerals in the presence of metal cations
is a complex phenomenon due to the chemical heterogeneity of FA, different properties of metals,
characteristics of mineral surfaces and the variability of environmental conditions.
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1. Introduction

Clay minerals and humic substances are one of the most important components
controlling the accumulation, mobility and bioavailability of nutrients and pollutants in
soils [1,2]. The composition and properties of these components and their interactions
with each other affect the formation of the soil structure, the adsorption and transfer of
nutrients and pollutants, and the development of erosion processes [3]. The interaction of
clay minerals with humic substances is a complex process that depends on the properties
of the mineral and organic matter, as well as the soil and ecological conditions in which
their interaction takes place.

Most clay minerals” outer and inner surfaces are polar and hydrophilic, resulting in
high affinities towards, mainly cationic, organic substances. The cation exchange capacity
(CEC) of kaolinite varies from 1 to 10 mg equiv/100 g over a small area of the specific
surface (7-30 m?/ g) [4]. The total specific surface of smectite clays is 450-850 m?2/ g and the
outer specific surface is as much as 40-70 m? /g [5,6]. The CEC for smectites determined
by the traditional methods is 65-135 cmol equiv/kg [7]. The anionic substance-adsorbing
capacity of clay minerals is lower: not more than 2 cmol/kg for kaolinites and less than
5 cmol/kg for smectites [8].

Humic acid and fulvic acid (FA) adsorb on the surface of clay particles and may alter
their surface properties, forming chemical compounds and intermolecular agglomerates,
built due to hydrogen bonds and other long-range forces [9]. It was shown that the
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most stable mineral-organic surface compounds (clusters and matrices) are formed at the
interaction of carboxylic acids with positively charged surface sites. This also significantly
modifies the hydrophilic-hydrophobic properties of the mineral surface [10,11].

Under natural conditions, only FA or low-molecular-weight fractions of HA can
participate in the reactions of adsorption interaction with clays, while the interaction of
high-molecular-weight components of humus with soil minerals should be hindered by
their low solubility. The authors showed that for a wide range of soil solutions, from 16 to
60% of dissolved organic matter comprised humic substances [12,13], consisting mainly of
fulvic acids [13]. Fulvic acids are an important class of soil organic matter. They occur in
soils mainly as a result of plant decay and are soluble at all pH levels [14]. FAs stimulate
plant growth, especially with foliar spraying. However, there is often a maximum level of
plant exposure to FA above which growth stimulation decreases, with FA even becoming
toxic [15].

Currently, there are a large number of studies devoted to the effect of humic substances
on the adsorption of heavy metals by clay minerals, because the metals are important
contaminants of the environment [16]. The behavior of the metal ions in the ternary system
consisting of the metal cations, fulvic acids anions and the mineral is governed by the
following reactions: (1) the adsorption of the free metal cations by the surface of the mineral,
(2) the adsorption of the free metal cations by the mineral’s surface modified by the fulvic
acid anions, (3) the formation of metal salts and complexes with fulvic acids, and (4) the
adsorption of free and charged metal salts and complexes on the modified and unmodified
clay mineral surfaces [17]. In this case, the adsorption of the complexes on the mineral
surface can occur through the interaction of the metal with the surface, and through the
organic ligand [18].

The problem of the influence of different metal cations on the fulvic acid adsorption
by the minerals has been much less studied. At the same time, this problem is of great
interest from the point of view of the processes occurring in soils and other environments
enriched by humic substances. Soil organic acids and their compounds with metal cations
have a different chemical affinity for the surfaces of the clay minerals, and the mechanism
of their interaction with the surfaces can also change [16]. The adsorption density of FA
onto the natural oxide was significantly improved after adding the metal cations. The XPS
analysis and SEM imaging indicated that the metal cations served as a bridge between FA
molecules and the surface of the oxide, so that the adsorption of FA onto the mineral was
promoted. In addition, the viscosity of FA increased after adding the metal cations [19].
The experimental results showed that the presence of FA promotes Eu (IlI) adsorption
by silica surface at acidic pH values, but decreases it at basic pH values, which indicates
the formation of ternary surface complexes. Modeling calculations have shown that two
ternary surface complexes are required to describe the experimental results in which the
cation acts as a bridge between the surface site and FA [20]. Interaction of fulvic acid with
Cu?*-montmorillonite at acidic pH sufficiently increased the interlamellar spacing of the
mineral. The extent of interlayer adsorption decreased with increased pH. Fulvic acid was
also retained on external clay surfaces. The FA was held so tightly by the Cu®*-clay that
>3/4 of the total amount adsorbed, including degradation products formed from it, resisted
decomposition even when heated to 1000 °C. Reactions of FA in aqueous solutions with
metal ions in the presence of clays differ from those in the absence of clay. Montmorillonite
appears to affect the conformation of the fulvic acid polymer in a way that favors reactions
between C=0 groups and metal ions [21].

This paper presents the results the adsorption of peat’s fulvic acids on two clay
minerals (kaolinite and bentonite) in the presence of increasing concentrations of heavy
metal cations (Pb or Zn) investigated by measurement of the optical density changes in the
of equilibrium solutions.
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2. Materials and Methods
2.1. Study Objects

Na-bentonite of the Sarigyukh deposit (Armenia) was used for adsorption experiments.
The mineral was provided by BentoGroupMinerals (Moscow). The manufacturer indicates
the following oxide composition of the commercial mineral: SiO;—58.25%, Al,O3—14.27%,
Fe;03—4.37%, MgO—3.62%, NapO—2.25%, K;O—1.20%, CaO—2.07%. CEC of bentonite
is 105 cmol equiv/kg and the pH of the aqueous suspension is 9.6. The mineralogical
composition of bentonite and kaolinite was studied by X-ray diffractometry on a DRON-3
diffractometer (CuK«x radiation, with a step of 0.1° and a scan time of 10 s). The mineral
contains a high content of montmorillonite, minor impurities of quartz and feldspars.

We used kaolin from the Prosyanovskoe deposit (Ukraine). The data of X-ray diffrac-
tion analysis of kaolin confirm the high content of kaolinite in the mineral and the presence
of impurities of mica (1-2%), quartz, and feldspars. The pH of the aqueous extract is 9.2. Ac-
cording to the manufacturer, the mineral has the following oxide composition SiO,—46.9%,
Ti0—0.8%, Al,O3—38%, Fe;O3—0.6%, Ca0O—0.39%, MgO—0.05%.

FA was extracted from a eutrophic peat (Tula region, Russia). Crushed and sifted
through a 2-mm-sieve, peat was treated several times with a mixture of benzene—ethanol
(1:1) in a ratio of peat/extractant = 1:3 [22]. For an exhaustive debituminization, the
treatment was carried out until the extractable solution became almost colorless. After
the extraction, the peat was dried at a temperature of 60 °C until the smell of benzene
disappeared. Then, the peat was mixed with a solution of 0.1 M NaOH in the ratio of
1:10, kept on a water bath at 90 °C for 3 h, and stored undisturbed overnight. The alkaline
solution was decanted and filtered. The extraction was repeated several times, and the
solution was collected and pooled together. Afterward, the alkaline extract obtained was
acidified with 6 M HCl to pH 1.5 and the humic acids were separated from FA by filtration.
The FA solution was placed in dialysis bags and kept in distilled water until a negative
reaction to chlorides with AgNOj3 occurred. Then the solution of FA was dried over
anhydrous CaCl, at 20 °C to constant weight and ground in an agate mortar to a finely
mixed state.

The FT-IR spectra were obtained by the application of the KBr pellet technique (mass of
the sample—0.002 g; KBr mass—0.2 g) and by the use of a Nicolet Model 7199 spectrometer
operating at nominal resolutions of 4 and 2 cm 1.

The distribution of FA C between the structural fragments was determined by 1>C
NMR spectroscopy. The NMR characterization was performed at the Resource Center for
Magnetic Resonance Research Methods of the St. Petersburg State University using the
Bruker Avance 400 WB device with a standard dual-channel sensor with a rotation system
at a magic angle. A zirconium oxide rotor (4 mm) was used. The rotational frequency was
set 12,500 Hz. To obtain the FA spectra, two methods were used: (1) the direct excitation
method (the number of scans was 5000, the duration of the exciting pulse was 3.2 ps, and
the relaxation delay was 10 s) and (2) the cross-polarization/rotation method at a magic
angle—CP/MAS (the number of scans was 2500, the contact duration was 500 ps, and the
relaxation delay was 3 s). To estimate the sufficient relaxation delay, several preliminary
measurements were carried out. It turned out that for the one-pulse sequence the 10 s delay
resulted in the spectrum virtually coinciding with that measured using longer relaxation
delays. The relatively short spin-lattice relaxation times might be due to the presence of
residual amounts of paramagnetic impurities remaining in the fulvic acid samples even
after extraction, which is not uncommon for natural substances. For cross-polarization
experiments, the selection of the relaxation delay was carried out in a similar way and
it was found that 3 s delay is sufficient for complete relaxation of the excited nuclei. In
turn, the duration of the contact time was selected in such a way that the line shapes and
intensities in the CP/MAS spectrum were closest to those in the one-pulse experiment.
Thus, it can be concluded that the analysis of the integral intensities in the obtained spectra
provides estimates of the content of various functional groups of FA with a high degree of
reliability. Processing of the 3C NMR spectra of FA samples, including phase, baseline (for
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direct excitation method), and manual integration adjustments, was performed using the
ACD Labs program.

2.2. Adsorption Experiments

To study the adsorption of FA on the clay minerals, their solutions in water with
concentrations of 0.05 g/L, 0.1 g/L,0.5g/L, 1 g/L at an initial pH 4 were used. Adsorption
of FA in the systems FA-Pb**—bentonite (or kaolinite), FA-Zn%*—bentonite (or kaolinite)
with increasing concentrations of metal ions and constant FA concentration was also
investigated. The concentrations of metal salts (Pb(NOj3); or Zn (NOs3);) 0.5 mmol/L,
1 mmol/L, 2 mmol/L were used. The FA concentration in all cases was 1 g/L. The
experiments were carried out at a solid to liquid ratio of 1:100 (0.2 g of adsorbent and
20 mL of solution) for 4 h at a continuous shaking. At the end of the process, the solutions
were filtered through a paper filter and then using a membrane syringe filter with a pore
diameter of 0.45 pm.

The adsorption of FA on clay minerals was studied by changing the optical density of
solutions with the UV-VIS spectrophotometer I19-53008u(Russia). The optical density of
the equilibrium solutions of FA and FA-metal complexes was read at 465 nm wavelength.
The amount of adsorbed FA was found from the difference between the initial and equi-
librium concentrations, which were determined from the calibration graph in coordinates:
Dye5—C, where C is the FA concentration (g/L), and Dygs is the optical density at 465 nm
(the optical density was measured with respect to distilled water) [23].

All the experiments were performed in triplicate. Statistical processing of the results
was carried out using STATISTICA 10.0 software, and the averages with standard deviations
are presented. Determination of the statistical significance of differences between the mean
values was performed using the Mann-Whitney U-test, and the values were considered
significant at a significance level of p < 0.05.

3. Results

The studied FA are characterized by typical absorption bands of IR spectra of various
intensities typical for fulvic acids regardless of their origin [24,25]. A broad band with
an absorption maximum of ~3259 cm ™! indicates the presence of hydroxyl groups linked
by hydrogen bonds. The hydroxyl group and the =C-O- group also cause a band with a
maximum at 1227 cm~!. The maximum at 2936 cm ! may indicate both stretching vibra-
tions of O-H bounds and methyl and methylene groups. In the region of 1700-1720 cm ™!
(with a maximum of 1713 cm '), stretching vibrations of the C=O bond of carboxylic acids
are recorded. The band with a maximum at 1405 cm ! indicates symmetric vibrations of
carboxylate ions, with maxima at 1558 cm~! at 1634 cm~!—their asymmetric vibrations
characterizing the stretching vibrations of the C=0 bond in undissociated carboxyl groups
and esters. However, the band at 1634 cm~! can also characterize the presence of aromatic
fragments and peptide bonds in the molecules. The band of bending vibrations with a
maximum at 1030 cm ! can characterize the C-O bonds of cyclic and aliphatic ethers and
alcohols, as well as the possible presence of polysaccharides, which is confirmed by 3C
NMR spectroscopy data.

The spectral parameters of the peat FA obtained and processed by 13C NMR spec-
troscopy are presented in Tables 1 and 2.

Table 1. Fragment compositions of studied FA. Content of C atoms in the structural fragments
(relative integrated areas, %).

C=0 RO Car-O Tl Ccﬂlg_'g; CH;0 Caic
ar” (o4
(220-185 ppm) (145165 ppm) (160-140 ppm) (140-90 ppm) (90-65 ppm) (65-55 ppm) (55-10 ppm)
1.13 4.60 1.05 14.82 47.70 11.73 18.97
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Table 2. Indicators of the structural features of studied FA.
Ratio of I’rfg)(()rti;)‘iof Degree of Degree of
Aromatic and Cont}e;%ning Oxidation of Oxidation of Content of Content of
A Total . Aliphatic C Fragments in FA the Aromatic Aliphatic Cydrophilic Hydrophobic
romaticity Parts o/C Core of FA Component Components Components
1 0,
s in £A (O/C = (Pe—o + 0/C,, of FA HL, % HB, %
(far = (Pcaro + Car/Calk 2Pcoon + Peoo + (0IC. = O/Cyix (Pc-o + Pcoon + (Peartt + Pearc +
PCarH,C)) (Car/Caik = (Pcaro + 125P e oar-l- Pc O/(I‘;"C o+ (O/Cyk = (Pcak-0 + Pcak-0) (Pc=o0 + ar- o ar-
Cartt, O/ (Ca-O + 0.5Pcx130) Pewrio)) Pcrz0)/(Pcanco + Pcoon + Pcaik-0) 3
CH;0 + Ca)) T CHs arH, Pcnso + Peai)
15.87 0.20 0.77 0.07 0.76 53.43 33.79

The data show that the content of ketone and quinoid groups in FA composition
reaches 1.13%, and in carboxyl groups 4.60% (compared to 0.20% and 7.38% in humic
acids (HA) isolated from the same peat [2]). The presence of the lignin component (as the
most resistant to transformation under conditions of low oxygen access and low biological
activity of water bodies) can be identified by the signals 6C ~ 56 ppm (CH3O-groups). The
content of C,j,-O fragments in the FA sample is rather high (47.7%), which also indicates
the “immaturity” of the peat used to obtain FA (Table 1). The aromaticity index f;, for FA is
only 15.87 (and for HA, 40.68 [2]). The content of hydrophobic components in the structure
of FA, determined by this method, is 33.79% (Table 2). Thus, the fulvic acids used contain a
significant amount of carboxyl, ketone, and hydroxyl groups, as well as quinoid fragments
responsible for the formation of salts and complex compounds with heavy metals [2]. A
large number of aliphatic structures suggests an intense interaction of FA with the surface
of the minerals, including intercalation into the interlayer space of bentonite.

The results of the FA adsorption process on bentonite and on kaolinite are shown in
Figure 1 and in Figure 2, respectively.
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Figure 1. Isotherm of FA adsorption on bentonite.
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Figure 2. Isotherm of FA adsorption on kaolinite.

Changes of optical density during sorption processes in the systems FA-metal (Pb
or Zn) such as in the systems FA-metal (Pb or Zn)-kaolinite and FA-metal (Pb or Zn)-
bentonite are shown in Figures 3 and 4.

m C (Pb)=0.5 mmol/L
C (Pb)=1 mmol/L
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Figure 3. Dependence of the optical density of the studied systems on the Pb>* concentration.
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Figure 4. Dependence of the optical density of the studied systems on the Zn?* concentration.

4. Discussion
4.1. FA Adsorption on Bentonite

Analysis of our data (Figure 1) suggests that FA adsorption on bentonite occurs by a
polymolecular mechanism, since the isotherm can be categorized as belonging to the L3
type according to Giles [26]. Similar isotherms were obtained during the adsorption of
polyelectrolytes modeling soil organic matter on montmorillonite [11]. The adsorption of
FA on the bentonite surface occurs in three stages. In the initial stage, with an increase of the
initial concentration of FA to 0.2 g/L, FA saturates the most accessible adsorption centers of
the clay mineral. The amount of FA absorbed reaches 0.003-0.004 g/g. In the concentration
range from 0.2 to 0.5 g/L, the adsorption processes stop, or negative adsorption takes place.
In general, a part of the obtained isotherm in the range of the initial FA concentrations of
0-0.4 g/L resembles the isotherm of monomolecular adsorption of the L1 or L2 type. At
this stage, according to some authors, the filling of the adsorbent surface proceeds to the
mechanism of specific adsorption [11,27] due to the interaction of polar groups of organic
matter with active centers of the mineral’s charged surface. This section of the isotherm is
rather short, which indicates a limited number of sites for FA-specific adsorption. During
specific adsorption, partial or complete straightening of organic molecules on the surface is
possible, as well as layer-by-layer filling in the form of supramolecular structures [11,27].
Such adsorption of organic substances in the form of aggregates can lead to their partial
desorption from the surface of the mineral at concentrations of 0.4-0.6 g/L. With an increase
in concentration to above 0.6 g/L, the adsorption of FA by the surface of the bentonite
resumes, and further increases with increasing acid concentration, which indicates the
formation of a modified bentonite surface during the adsorption of fulvic acids and a
change in the interaction mechanism at higher concentrations of organic matter. It is also
possible to increase the interlayer space of bentonite due to the partial intercalation of
fulvic acid fractions between layers. Our study of changes in the basal reflex dgg; upon
modification of bentonite with fulvic acids at concentrations of 0.05, 0.2, and 1 g/L by X-ray
diffraction analysis showed that for concentrations of 0.2 g/L and 1 g/L, we can talk about a
decrease in the ordering of the structure of bentonite in the presence of FA—reflections dgg3
(5.07 A) and dgos (3.11 A) are present only in the spectrum with the minimum concentration
of FA (0.05 g/L). At the maximum used concentration (1 g/L), a significant shift in the basal
reflex is recorded (from 14.48 to 14.73 A), which illustrates an increase in the interlayer
space of the mineral.
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4.2. FA Adsorption on Kaolinite

The isotherm of fulvic acid adsorption on kaolinite is of the L2 type [26] (Figure 2). This
isotherm shape indicates that at low concentrations of the adsorbate, it has a relatively high
chemical affinity for the adsorbent surface. As the sorption centers are filled, the number
of unfilled sorption sites decreases and, accordingly, the amount of adsorbed substance
decreases [28]. The authors of [29,30] believed that the binding of humic substances by
kaolinite occurs both due to nonspecific as well as specific adsorption. There are interactions
between positively charged centers of kaolinite and carboxylic groups, as well as due to
hydrophobic binding. In this case, the isotherm demonstrates close saturation of kaolinite,
in contrast to the adsorption isotherm of FA on bentonite, which has a sharply ascending
form in the region of maximum concentration. Therefore, adsorbance is consistent with the
cation exchange capacities of the studied minerals. Thus, for the two-layer and three-layer
clay mineral with an expanding structure, adsorption interactions with fulvic acids have
pronounced specificity.

4.3. Adsorption Processes in the Systems FA—Pb—Kaolinite and FA—Pb—Bentonite

The interaction of FA with metal cations occurs according to the mechanism of for-
mation of mono-, bi- and polydentate complexes, as well as complex compounds of the
chelate type. It has been found [31,32] that Pb forms monodentate complexes, preferably
with phenolic sites of FA in a metal: FA ratio of 1: 1, and their stability increases with
increasing pH. According to a study of metal speciation in a wide range of different soil
solution, Pb ions are mainly present in complexed form, indicating that they have higher
affinity to organic ligands [13]. Fourier transform infrared spectra indicated that two types
of functional groups (sites) exist in the FA and participated in the interaction of FA and
Pb2*. The apparent stability constant values calculated for the strong binding sites were
higher than those for the weak sites by 1-2 orders of magnitude; however, strong sites were
limited in number [33].

The data of IR spectrometry and '3C NMR spectroscopy indicate a significant number
of functional groups in the composition of the used FA, which can be involved in the
formation of complex compounds and salts with Pb. Our results demonstrate that the
optical density of the FA and Pb solution increases with increasing concentration of Pb ions
up to a metal concentration of 1 mmol, and then practically does not change (Figure 3).
This behavior of the system may be due to the formation of colored complex compounds
of the metal with FA. The ability of Pb to interact with a wide range of organic ligands is
closely associated with its heavy atom effect, inert lone pair effect, large ionic radius, and
its borderline position on the hard—soft acid-base scale [34]. Complexes of Pb with organic
ligands exhibit frequently unique optical (including luminescent) properties, which are
seldom realized in other metal-organic complexes [35].

In the FA-Pb%**—kaolinite and FA-Pb%*-bentonite systems, the optical density de-
creases with an increase of the Pb concentration (Figure 3), which indicates the active
adsorption of FA and metal-FA complexes by the clay minerals. Adsorption processes
occur more efficiently on kaolinite at all used Pb concentrations, despite its lower adsorp-
tion capacity.

4.4. Adsorption Processes in the Systems FA—Zn—Kaolinite and FA—Zn—Bentonite

Results of study by soil column—the Donnan membrane technique for metal speciation
in eighteen soil solutions, covering a wide range of metal sources and concentrations, shows
that in soil solution, Zn mainly exists as free ions [13]. Zn is not sensitive to dissolved
organic matter reactivity due to its low affinity for FA [36]. Perhaps this explains the
absence of optical density changes in the FA-Zn?* system at all used Zn concentrations
(Figure 4).

Based on the data of optical density of solution changes, the adsorption of complex
compounds of Zn?* with FA on kaolinite increases with increasing concentrations of the
metal, which demonstrates the importance of trace element cations in the interaction be-
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tween soil organic matter and the clay mineral. However, in the presence of Pb, absorption
by kaolinite proceeds more efficiently than in the presence of Zn.

In the case of bentonite, the low concentration of Zn?* leads to a decrease in optical
density compared to the FA-Zn?* system, and at a concentration of 1 and 2 mmol/L, the
optical density practically does not decrease. Thus, it can be assumed that Zn promotes the
adsorption of fulvic acids by bentonite only at certain low concentrations. It is possible that
at the lowest metal concentration used, Zn promotes the adsorption of FA-Zn?* complexes
through the formation of cation bridges with the mineral surface [18]. At higher concen-
trations, a more complex behavior of complexes of Zn and FA is observed, which, based
on the absence of a change in optical density, can formally be interpreted as the absence
of adsorption.

5. Conclusions

Thus, binding of FA and their metal compounds by clay minerals is a complex phe-
nomenon due to the chemical heterogeneity of FA, the different properties of metal ions,
and the variability of environmental conditions. The results of studying the adsorption
processes of fulvic acids on clay minerals in the absence and presence of heavy metal
cations, studied by the measurement of optical density changes, allow us to draw the
following conclusions:

The adsorption of FA on the surface of bentonite at the studied concentrations proceeds
according to the polymolecular mechanism and has a stepwise character. The isotherm
can be classified as L3 type according to Giles. The stepwise adsorption can be explained
by the formation of new sorption sites upon modification of the bentonite surface by FA
and an increase in the interlayer space due to the partial intercalation of organic molecules.
The adsorption of FA by kaolinite can be described by the mechanism of monomolecular
adsorption and is the L2 type isotherm in accordance with Giles.

In three-component systems, including FA, trace element ion, and clay mineral com-
plex processes occur, including the formation of complexes and salts and their adsorption.
The adsorption of colored compounds of FA with Pb on the surface of kaolinite and ben-
tonite increases with increasing metal concentrations. The adsorption of compounds of FA
with Zn is more complex. At Zn concentration of 0.5 mmol/L adsorption of the FA—metal
compounds take place. At metal concentrations of 1 mmol/L and 2 mmol/L, based on the
absence of optical density changes, we can formally assume the absence of FA-metal salt
and complex adsorption by bentonite.
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