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Abstract

Humic substances (HS) with or without chemical modification can serve as
environmentally benign and inexpensive adsorbents of potentially toxic trace
elements (PTTES) in the environment. The present study investigated the absorption
of Pb, Zn, Cu, and Ni by natural and potassium persulfate (K.S,0g) modified humic
acids (HA) isolated from a lowland peat through batch experiments. The adsorption
of the studied PTTESs on the natural HA was satisfactorily described by the Langmuir
isotherm model with maximum monolayer adsorption capacities of 318.2, 286.5,
225.0 and 136.8 mmol/kg for Pb, Cu, Zn and Ni, respectively. A thorough
characterization of the natural and modified HA using 'C nuclear magnetic

resonance (NMR) spectroscopy demonstrated that the chemical modification of
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natural HA with K,S,0g led to an increase in the content of carboxyl groups, and
ketone and quinoid fragments in the HA structure. Consequently, the modified HA
absorbed 16.3, 14.2, 10.6 and 6.9% more Pb, Ni, Zn and Cu, respectively, than the
original natural HA. The isotherm data modelling together with adsorbent
characterization suggested that the adsorption of PTTEs was controlled mainly by
chemisorption mechanisms where inner-sphere complexations of metal ions with

HA functional groups took place.

Keywords: Humic substances; Potentially toxic trace elements; Persulfate

oxidation; Sorption

1. Introduction

Modern technologies for cleaning the environment from chemical pollution
require the development and application of qualitatively new and effective materials
characterized by increased absorption capacity, selectivity and environmental
friendliness. In addition, concerns about the easy availability of the remediation
materials and their low cost are extremely important. Humic substances (HS) that
are the most widespread natural non-living organic materials in soils, as well as in
all terrestrial and aquatic environments, fully meet the above requirements of being
environmentally benign, abundantly available and inexpensive (Loffredo and
Senesi, 2006). The HS are formed in the aquatic and terrestrial environments by the
decomposition of plants, animals and microorganisms. On an industrial scale, HS
are obtained from peat, sapropel and coal, where their global reserves reach gigatons
(Perminova and Hatfield, 2005).

It is well known that humic acids (HA) and fulvic acids (FA) whieh are the
main parts of HS, and cannot be regarded as single molecules described by their
chemical formulas (Stevenson, 1994). Despite the diversity of opinions regarding
the chemical and physicochemical structure of humic substances, all authors

univocally acknowledge a significant fact that various functional groups of humic
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substances dissociate differently according to the acidity or alkalinity of the medium
(Stevenson, 1994; Ghabbour and Davies, G., 2007).

The reactivity of HA depends on the content of aromatic conjugates and degree
of condensation, as well as to a significant degree on the number of different
functional groups (Orlov, 1995; Boguta and Sokotowska, 2016). HAs contain
chemically reactive functional groups of various nature (mainly carboxylic and
phenolic groups, but also alcoholic hydroxyls, carbonyls, etc.), which renders the
HA polymer with an acidic reaction. Humic carboxylic (-COOH) and phenolic (-
OH) groups are mainly involved in the formation of metal-humic acid complexes
(Datta et al., 2001). Potentially toxic trace elements (PTTE) (e.g., heavy metals) may
have toxic effects to living organisms including human at high concentrations in the
environment (Perelomov et al, 2016; Vardhan et al., 2019). PTTE bound by
insoluble HS are relatively immobile in nature and not bioavailable. On the other
hand, binding by smaller organic molecules such as low molecular-weight organic
acids may increase the trace elements’ mobility in the environment (Kabata-Pendias
and Pendias, 1992; Perelomov et al., 2018).

Purposeful chemical modification of HA can change their composition and
increase the content of the necessary functional groups and thereby improve their
PTTE sorption properties. Among various possible ways, HA can be modified by
carrying out an oxidation (destroying or mild) (Schnitzer and Ortiz de Serra, 1973;
Meneghel et al., 1972; Hayes and Swift, 1978; Martin et al., 1982), reduction
(Lebedeva et al., 2005), or introduction of organic molecule fragments into the
structure of HA (Perminova et al., 2005).

For example, the possibility of chemical modification of peat HA by reduction
with SnCl; and NaBH., and also by carboxylation using the Kolbe method was
studied by Lebedeva et al. (2005). The experimental results showed that during the
treatment of HA by SnCl; in an alkaline conditions, significant structural changes
occurred: quinoid groups were reduced to phenolic, the number of carboxyl groups

in air did not change, and in the atmosphere of CO; increased. NaBH, reduced
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quinoid groups to phenolic, ketone groups to alcohol hydroxyls, while the number
of carboxyl groups remained practically unchanged.

Oxidative methods have also been frequently and successfully used for the
degradation and modification of HS (Hayes and Swift, 1978). The most widely used
methods for the oxidation of HS include reactions with permanganate, hypochlorite,
nitrobenzene, hydrogen peroxide, peracetic acid and nitric acid (Griffith and
Schnitzer, 1989; Yuthawong et al., 2019; Zhou et al., 2019). Alkaline solutions of
cupric-, mercuric- and silver- oxides have also been used to degrade HS (Martin and
Gonzalez-Vila, 1984; Hatten and Gofii, 2016). A partial degradation with solutions
of potassium permanganate (KMnO,) of a large number of HA from soils, waters
and sediments yielded aliphatic, phenolic and benzenecarboxylic acids as the major
fragments (Gjessing, 1976). An oxidation by oxides also yielded aliphatic, phenolic
and benzenecarboxylic acids but the relative amounts were not the same as for
potassium permanganate oxidation (Schnitzer and Ortiz de Serra, 1973). The
oxidation of HS is also possible under acidic conditions. Meneghel et al. (1972) used
peracetic acid as an oxidizing agent, but the percentage of degradation of the initial
HS, the total yield of fragments and the identified types of structures turned out to
be similar to those obtained by the methods of permanganate oxidation and oxidation
by copper oxide. Lately technology of photocatalytic oxidation with TiO, powders
as catalyst was investigated in the degradation and decolorization of HS in natural
and wastewaters (Tung et al., 2019; Valencia et al., 2018).

However, drastic conditions of reaction and relatively high temperature could
lead to serious alterations in the chemical structures of the initial HS with the
possibility of secondary reactions in the presence of oxygen. For a non-destructive
oxidation, Martin and co-authors (1982) proposed a method that is carried out in
acidic conditions using a potassium persulfate (K»S;Osg) reagent, which was
traditionally used by oceanographers to determine the C content in sea water (Sharp,
1973). Subsequently, a number of other methods were proposed for non-destructive
oxidation of HA, most of which affected the phenolic groups in the HA composition
(Martin and Gonzalez-Vila, 1984).
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In recent years classical methods for the oxidation of phenols taken from
organic chemistry have been used for the mild oxidation of HA (Perminova et al.,
2005). Oxidizing agents capable of easily releasing oxygen such as hydrogen
peroxide or «OH radical (Fenton's reagent), organic peroxides, iodic acid (HIO,),
persulfates, lead tetraacetate (Pb(C;H302)s) and potassium nitrosodisulfonate
(Fremy's salt) can oxidize phenols causing their hydroxylation, quinone formation
and polymerization (Nguyen et al., 2003). Initially, a free phenoxyl radical (CsHsO¢)
Is formed, which then quickly turns into various complex oxidation products. During
the oxidation of phenol by strong oxidizing agents, not only C bound to hydroxyl is
oxidized, but also an atom existing in the para position relative to hydroxyl, results
in the formation of benzoquinone (Uliana et al., 2008).

One of the reagents used for the oxidation of aromatic phenols and amines, as
already mentioned, is K,S,0g. The use of K;S;0s for the oxidation of aromatic
phenols is called the Elbs reaction, and the oxidation of aromatic amines is called
the Boyland-Sims reaction (Behrman, 2006). Both the Elbs and Boyland-Sims
reactions are characterized by nucleophilic displacements on a peroxide oxygen of
the peroxydisulfate ion. In the Elbs oxidation, the nucleophile is a phenolate anion
(or, a tautomer), and in the Boyland-Sims oxidation, it is a neutral aromatic amine.
The products are aromatic sulfates whose orientation relative to the phenolic group
is preferentially para in the Elbs oxidation and ortho in the Boyland-Sims case
(Behrman, 2006) (Fig. 1). The sulfate products are useful in the synthesis themselves
or may be hydrolyzed in acid to form dihydric phenols (or aminophenols) (Behrman,
2006).

Perminova et al. (2005) using a classical titrimetric method (barium hydroxide
to determine total acidity and calcium acetate to determine carboxyl groups) studied
the changes in the contents of various functional groups in HA from leonardite,
hydroxylated by Elbs reaction, and then reduced by sodium sulfite. In those
Investigations, an increase in the total acidity and content of carboxyl groups in the
modified HA in comparison with the initial ones was established. A decrease in the

content of phenolic hydroxyls was also observed (Perminova et al., 2005).
5
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In line with the above description of plausible structural changes of HS via
reactions with various oxidants, the present work hypothesized that the oxidation of
natural HA with K;S,0g would increase the proportion of suitable functional groups
on HA molecules and thereby enhance their PTTE sorption abilities. The evolution
of modified HA structures due to oxidation reactions vis-a-vis their mechanisms of
PTTE sorption has been rarely reported in the literature. Most previous methods of
humic acid oxidation were aimed at studying their structures mainly, whereas the
present study was focused on a directed and effective chemical modification of
humic acids targeted for enhanced PTTE adsorption. Therefore, the purposes of the
present work are to (a) study the absorption of PTTESs (Cu, Pb, Zn and Ni) by natural
peat HA and the HA chemically modified by K;S,0s, (b) examine the structural
evolution of modified HA products using *C nuclear magnetic resonance (NMR)
spectroscopy, and (c) qualitatively predict the PTTE adsorption mechanisms by the
HA products. The above four PTTEs were chosen in this study because they are the
most commonly occurring PTTEs posing toxic effects to living organisms.
According to their toxicity to organisms, PTTEs can be arranged in the following
order: Hg> Cu>2Zn> Ni>Pb>Cd> Cr>Sn > Fe > Mn > Al (Zwolak et al., 2019).

2. Materials and methods
2.1 Peat deposition characteristics

For the extraction of HAs, an eutrophic peat from the deposit “Kommuna”,
located in the Tula region, Suvorov district, Russia, near the resort “Krainka”, on the
opposite side of the Cherepet’ river floodplain, was used. The coordinates of the peat
collection location is 54°07'36.8"N 36°20'29.8"E . The peat bog at the specified
deposit belongs to the class of floodplain and girder bogs, a subclass of floodplain
bogs, a group of eutrophic bogs and a type of black alder bogs (Volkova, 2018). The
peatbog length is 900 m, the maximum width is 800 m, and the area covered is 38
ha. The total capacity of the peat layer is from 1.5 to 5 m. The surface is covered

with an alder forest with a height of trees up to 10 m and thick underbrush.
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The degree of peat decomposition (humification; defined as the relative
proportion of humification products of the entire peat substances) (Biester et al.,
2014) at the selected location was 40-45%. The reaction of the medium in the peat
mass was weakly acidic (pH = 5.9), the redox potential was positive (126 mV),
which indicated the predominance of oxidative processes in the peat mass. For the
experiments, peat from the upper part of the deposit located above the water was
used. The sample had a crumbly texture typical of peat and a dark brown color,
which distinguished it from peat mud located under the water and represented by a

plastic mass of black color.

2.2 Isolation of humic acids from peat

According to Lowe (1992), 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. 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 40-60 ° C for 8 h 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.
Afterwards, the alkaline solution was decanted and filtered. The extraction was
repeated three times and the solution was collected and pooled together.

To isolate HA, the alkaline extract obtained was acidified with 6 M HCI to pH
1. Then, the supernatant of FA was filtered. The HA precipitate was washed with
distilled water to pH ~ 6, and the liquid phase was separated from the precipitate by
centrifugation for 15 min at 8,000 rpm. The HA was dried over anhydrous CacCl; at

20 ° C to constant weight and ground in an agate mortar to a finely mixed state.

2.3 Oxidation of humic acids
The oxidation of HA was carried out according to the method proposed for
phenols (Sethna, 1951). A portion of the initial HA (3 g) was dissolved in 50 mL of

10% NaOH solution, and then 50 mL of distilled water was added. Under vigorous
7
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stirring for 1 h, 15 mmol of a saturated solution of K,S,Og was added to the resulting
solution. The temperature of the mixture was maintained at 20 ° C in the water bath.
The mixture was then stored undisturbed for 12 h after which the solid phase was

separated from the liquid by filtration.

2.4 3C NMR spectroscopy

The distribution of HA C between the structural fragments was determined by
13C NMR spectroscopy. The NMR characterization was performed at the Resource
Center for Magnetic Resonance Research Methods of the St. Petersburg State
University using the device Bruker Avance 400 WB 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 12500 Hz. To obtain the HA 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 s, 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, the relaxation delay was 3 s).
Processing of *C NMR spectra of HA samples, including phase, baseline (for direct
excitation method), and manual integration adjustments, was performed using the
ACD Labs program. The obtained and processed spectral parameters of the original

and oxidized peat HA are presented in Table 1 and 2.

2.5 Adsorption experiments

Solutions of Pb, Zn, Cu and Ni inorganic salts (nitrates) dissolved in a medium
containing of 20 mmol KNO3 at pH 5 were used to study the absorption of PTTE
cations by the natural and oxidized HA. The absorption of these PTTESs by the initial
natural HA was studied at solution metal concentrations of 0.4, 0.8, 2 and 4 mmol/L
with a HA:solution ratio equal to 1:125. The absorption of PTTEs by the oxidized
HA was studied at a maximum metal concentration of 4 mmol/L. Concentrations of
PTTEs in wastewater or sewage-applied soil solutions can be found in 0.4 to 4

mmol/L range (FOrstner and Wittmann, 2012), as employed in this study.
8
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Corresponding metal solutions (25 mL) were added to 0.2 g of HA and thoroughly
stirred by a magnetic stirrer at a temperature of 20 ° C for 4 h (the equilibrium time
was decided based on a preliminary experiment). At the end of the experiment, the
equilibrium solution was separated from the adsorbent using a syringe filter with a
pore size of 0.2 um. Concentrations of PTTEs in the filtered solution were
determined by inductively coupled plasma atomic emission spectroscopy (ICP-
AES) using a Perkin EImer Optima 5300 DV spectrometer. The amount of adsorbed
metals was calculated from the difference between their concentrations in the initial

and equilibrium solutions. The experiments were performed in triplicate.

3. Results and discussion
3.1 Humic acids structures identified by 13C NMR spectroscopy

A general view of the 3C NMR spectra of the initial and modified samples of
HA is shown in Fig. 2. Analysis of the absorption spectra of C atoms in the
corresponding 3C NMR spectra confirmed the presence of aromatic and aliphatic
fragments as well as various functional groups, and these results were consistent
with the literature data on the structure of HA (Kalabin et al., 2000; Pretsch et al.,
2009). To determine the structural parameters characterizing the fragment
composition of HA, the whole spectrum was divided into a number of ranges (in
accordance with the characteristic values of chemical shifts of C atoms) and their
relative integral intensities were determined (Table 1).

A comparative analysis of the obtained quantitative results from *C NMR
spectra allowed us to make a number of conclusions about the structural features of
the initial and modified HA (Table 1 and Table 2). The indicator of the total
aromaticity of the sample of the initial HA fa, which is one of the most important
characteristics of the HA, was 40.68%. The amount of aromatic atoms in the sample
of the modified HA decreased slightly to 38.36%. The ratio of the aromatic and
aliphatic parts in the composition of the unmodified and modified HA was 0.83 and

0.89, respectively. Thus, the content of aromatic HA fragments was lower than that
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of aliphatic ones, and this indicator practically did not change during the chemical
modification of the HA.

From the 3C NMR spectra, the O/C atomic ratios were calculated, which took
into account the contents of carbonyl, phenol-containing fragments, oxygen-
containing carbohydrate fragments and methoxyl groups in the HA composition. As
seen from the data of Table 2, the O/C atomic ratios for the initial natural and
modified HA had very close values. The degree of oxidation of the aromatic core
O/C4 = 0.32 turned out to be the same. The degree of oxidation of the aliphatic
component for the initial HA was higher than the aromatic one, and the value was
0.49. For the modified HA, this characteristic was somewhat reduced to a value of
0.41.

Many properties of HA can be determined by the type and number of functional
groups in their composition. From the *C NMR spectra, the following conclusions
could be made about the functional groups and fragments in the HA samples:

(1) The C content of carboxyl groups in the initial natural sample was
7.38%. The concentration of carboxyl fragments in the modified HA
increased to 9.39%.

(2) The number of phenolic fragments (Cox fen), Which was determined by
the difference of the integrated intensities in the ranges of the C,-O and
CHs0O fragments in the *C NMR spectra, was 10.55% in the natural HA,
and in the modified sample this indicator slightly decreased to 10.04%.
(3) The C content of ketone and quinoid groups in the modified HA was
significantly higher than in the initial natural HA (4.67 and 0.2%,
respectively).

(4) Signals of C atoms in the region of 160-168 ppm could be attributed
to inorganic carbonates that were not part of the HA structure and
corresponded to Na,COs (8C = 168 ppm) and NaHCO3 (6C = 162 ppm).
(5) The presence of the lignin component in the peat group (as the most

resistant to transformation under conditions of low oxygen access and low

10
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biological activity of peat bog) could be judged by the signals 6C ~ 93
ppm (Ca, B-O-4) and = 56 ppm (CH30 - groups) (Kalabin et al., 2000).
(6) The content of Ca-O fragments in the natural HA sample was rather
high (19.81%), which also indicated the “immaturity” of the HA of the
peat used. In the modified sample, this parameter dropped to 14.86%.

In addition to the ratios above mentioned, another important observation from
the point of view of HA properties is the ratio of hydrophilic and hydrophobic
components in the macrostructures of HA. The hydrophilic components include
oxygen-containing fragments (C = O, Cguin, COOH, Cou fen) and Cax-O fragments.
The hydrophobic part is represented by C- and H- substituted aromatic (Car-H, Car-
C) and alkyl Ca fragments of HA. The ratio of hydrophilic and hydrophobic parts
of HA is characterized by properties such as solubility and reactivity. In both
samples studied, the hydrophobic component predominated over the hydrophilic
part of the HA molecules. In the modified sample, the content of hydrophilic
fragments was 1.9% higher compared to the initial natural HA.

In the 13C NMR spectra of the studied samples, a number of relatively narrow
signals were observed (Fig. 2), which could be attributed to the following fragments
and functional groups: 8C 30 ppm: — CH; groups; 56 ppm: OCHs, C-NHy; 72 ppm:
mono-, di - and polyhydroxy (carbohydrate) fragments, aliphatic alcohols; 105 ppm:
acetal or ketal carbohydrate fragments of the polysaccharide chain; 128 ppm: a C-
substituted aromatic ring; 149 and 153 ppm: O-substituted aromatic fragment; 172
ppm: COOH, COOR and CONH (Kalabin et al., 2000).

Thus, the most significant changes in the structure of HA as a result of their
oxidation with K;S,0g was an increase in the number of carboxyl groups as well as

a significant increase in the contents of ketone and quinoid fragments.

3.2 Adsorption of PTTESs by natural and oxidized humic acids

11
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The adsorption of four studied heavy metals (Pb, Zn, Cu, Ni) on the natural
peat HA (Fig. 3) was satisfactorily described by the Langmuir isothermal model
(Eq. 1):

q = KLQmaxC / (1 + KiC) = Qmax[1-1/(1 + K.C)] (Eq. 1)
where, q is the amount of the component adsorbed by the solid phase, related to its
mass; ¢ is the equilibrium concentration of the component in the solution;

Ky is empirical adsorption coefficient or Langmuir coefficient characterizing the
bond strength between the element and the sorption sites and the energy of their
interaction;

Qmax IS the maximum adsorption, or the capacity of the Langmuir monolayer.

The data showed that the K. values decreased in the following order: Pb?*>
Cu?"> Ni?* >> Zn?*, and the Qmax values decreased in the following order: Pb?* >
Cu?"> Zn**> Ni?* (Table 3). Therefore, Pb®" and Cu?* ions had the highest bond
strength with HA. The Zn?* cations were retained by the natural peat HA much
weaker bond strength, and thus was likely to have greater mobility in the free-state.
The natural peat HA also had the highest absorption capacity with respect to Pb?*
and Cu?* cations, and the lowest with respect to Ni?* cations.

It is known that at a low adsorbent loading, adsorption is carried out mainly at
the adsorption sites with the highest affinity for the adsorbate. Moreover, it must be
borne in mind that for different PTTE cations the adsorption sites may have different
chemical affinities (Pinskii, 1997; Minkina et al., 2011). As the adsorption sites are
gradually filled with PTTE cations, the bond strength between them decreases due
to the fact that the adsorption sites that most weakly interact with the adsorbate
remain unoccupied (Pinskii, 1997; Minkina et al., 2011) In addition, the adsorbed
cations affect each other, competing for or preventing the adsorption of specific
cations from the solution.

The PTTE cations are most strongly adsorbed in the dense part of the electrical
double layer due to donor-acceptor or coordination bonds. Due to these interactions,
inner-sphere surface complex compounds are formed (Minkina et al., 2016). This

type of adsorption is called “specific adsorption™, and here the adsorbent shows a
12
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high selectivity for the adsorbing cation. The absorbed Cu?* cations in such cases
were shown to form octahedral chelate-type inner-sphere complexes with HA, while
Zn** cations were prone to interaction with soil HA components as silicates,
carbonates and hydro/oxides Fe and Mn (Minkina et al., 2016). The formation of
ternary complexes is also possible, in which the central position is occupied by the
Cu?* ion associated with organic and mineral components. In some cases, there is
formation of poorly soluble salts of metals with HA (Pinskii et al., 2018). However,
these processes are poorly studied and unlikely to happen in the presently studied
system.

The absorption of the four PTTEs (Zn, Pb, Cu, Ni) at a solution concentration
of 4 mmol/L was compared between the natural and oxidized HA with an adsorbent
loading of 500 mmol/kg, and the results are shown in Fig. 4. Experimental results
demonstrated that the oxidation of peat HA with K,S;0sg led to an increase in its
absorption of all the studied PTTEs. The increase in adsorption of different metals
was expressed in different degrees. The absorption of Pb?*, Ni?*, Zn?* and Cu®
increased by 16.3, 14.2, 10.6 and 6.9%, respectively, on the modified HA as
compared to the natural HA. The oxidation of peat HA by K,S,0s led to an increase
in the absorption of PTTEs possibly by an increase in the content of carboxylic
groups (from 7.38 to 9.39%) and ketone and quinoid groups (from 0.2 to 4.67%) in
the HA structure, as evidenced from the 3C NMR results of this study.

Lakatos et al. (1977) using the method of electron paramagnetic resonance
(EPR) showed that the Cu? * cation was bound on HA by forming inner—sphere
complexes with the participation of carboxyl and amino groups. Similarly, McBride
(1982) investigating the interaction of Cu®* with HA by the same EPR method
indicated that Cu?* formed a complex with oxygen ligands, and the -OH groups of
the adsorbent surface were included in the coordination sphere of the hydrated ions
of Cu?".

The presence of quinone and semiquinone fragments in HA would make
possible reactions via a free radical mechanism (Sorokina, 2014). Free radicals,

possessing a large amount of energy, are one of the main reaction centers in the
13
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molecules of humus compounds (Chukov, 2001). Many sources contain information
on the decrease in the number of free radicals in humic compounds when they
interact with the cation of copper, iron, manganese and other heavy metals (Babanin
etal., 1983).

4. Conclusions

This study showed that natural humic acids isolated from a eutrophic peat were
highly efficient in the immobilization of important PTTEs such as Pb, Cu, Ni, and
Zn following a persulfate oxidation. The adsorption features of the PTTEs depended
on the chemical properties of the elements, and were satisfactorily described by the
Langmuir isothermal model. Oxidation of the natural HA with K;S;0s led to an
increase in the number of carboxyl groups, and contents of ketone and quinoid
fragments of HA. Oxidized HA absorbed a greater amount of PTTESs compared to
the original natural HA. Thus, the chemical modification of HA through oxidation
could enable HA to be used for practical remediation of wastewater contaminated
with PTTEs. Future research should focus on economically feasible and
environmentally benign methods for applying oxidized and/or directly carboxylated
HA for the remediation of PTTEs. The behavior and stability of salts and complex
compounds made of humic acids and PTTEs in the real environment should also be

studied in detail.
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Figure captions:

Fig. 1 Scheme of the reactions of Elbs (a) and Boyland-Sims (b).

Fig. 2 3C NMR spectra of initial HA (a) and oxidized HA (b) obtained by the
direct excitation method.

Fig. 3 Adsorption isotherms of Pb (a), Zn (b), Cu (c), and Ni (d) with natural peat
HA.

Fig. 4 Adsorption of PTTEs by natural and oxidized HA at pH =5, and metal

concentration = 4 mmol/L. Error bars represent standard deviation.
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Tables

Table 1 Fragment compositions of natural and chemically modified HA

Content of C atoms in the structural fragments (relative integrated areas, %)
HA C=0 Cquin COOH CO32- Car'o Car-H, Calk' CH3O Calk
(220- | (186- | COOR | HCOs3 | (160- | Ca-C 0O, (58-54 | (54-0
186 180 (180- (168- 140 (140- | Cup- | ppm) | ppm)

ppm) | ppm) 168 160 ppm) 106 O-4

ppm) ppm) ppm) | (106-

58

ppm)
Natural 0.2 0.43 7.38 2.75 13.04 | 27.64 | 19.81 | 2.49 | 26.28
Chemically | 4.67 1.31 9.39 3.08 12.24 | 26.12 | 14.86 2.2 | 26.12

modified
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s62  Table 2 Indicators of the structural features of natural and chemically modified
563 HA
Indicators
Total Ratio of | Proportion | Degree Degree of C content | Contentof | Content of
aromaticity | aliphatic | of oxygen- of oxidation of | associated | hydrophilic | hydrophobic
far” and containing | oxidation aliphatic with components | components
aromatic C of the component phenol HL, % HB, %
(far = Pcaro | partsin | fragments | aromatic of HA groups
+ Pcarnic) HA in HA core of O/ Cai Confen (HL = (HB= (Car
Car/ Cai orc HA (C=0+ H+ Ca-C
O/Car (O/Calk (COern = Cquin + + Calk))
(Car/ Calk (O/C = = (Calk'o + (Car'o - COOH +
= far (PC:O + (O/Car = CH30)/(CaIk' CH30) COern +
/(Ca-O | 2Pcoon + | Car-Offar) | O + CH30 Cai-0)
+CHsO | Pcaro + + Cai))
+ Cai)) | 1.25Pcai-o
+
0.5PcH:0))
Natural 40.68 0.83 0.54 0.32 0.49 10.55 38,37 53,92
Chemically | 38.36 0.89 0.55 0.32 0.41 10.04 40,27 52,24
Modified
564
565
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