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Abstract—The colloid-chemical properties of humic acids (HAs) were studied depending on the mechano-
chemical modification of their structure. An increase in the amount of acidic ionogenic groups and hydro-
philic fragments in the composition of modified HAs facilitated a decrease in the excess energy of surface
molecules. In an alkaline solution, two types of colloids characterized by a decrease in the energy of adsorp-
tion and the constant of adsorption equilibrium were formed as the concentration of HAs was increased.
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INTRODUCTION

Humic acids (HAs) are natural organic colloids
whose structures consist of an aromatic skeleton sub-
stituted with oxygen-containing and nitrogen-con-
taining groups and also include polysaccharide and
peptide fragments. HA macromolecules have com-
plexing, adsorption, solubilizing, and detoxifying
properties, which allow them to play the role of a nat-
ural filter in the environment [1, 2]. The ability of HAs
to bind toxic substances (pesticides, PAHs, and heavy
metals) is due to the structural features of natural col-
loids [3—7]. The surfactant properties of HAs are
determined by the presence of a hydrophobic aromatic
skeleton, aliphatic chains, and hydrophilic polysac-
charide and peptide fragments and various functional
groups, which allow them to enter into ionic, donor—
acceptor, and hydrophobic interactions. The depen-
dence of the surface activity and sorption and solubi-
lizing properties of HAs on their structure, dissocia-
tion of acidic groups, concentration, pH of aqueous
solution, and the nature of the counterion was
reported in the literature [8—13].

Due to the complex composition of macromole-
cules and their stochastic nature, an important prob-
lem is to establish the relationship between the sur-
face-active properties of HAs with their structure and
state of aggregation. A structural modification of the
macromolecule and an assessment of the hydropho-
bic—hydrophilic balance of the molecular ensemble
are required for solving this problem. The mechanical
activation (MA) of solid caustobioliths is a method for

such modification of the structure of natural HA col-
loids.

The mechanochemical effect consists not only in
an increase in the effective surface area of mixture
components and a decrease in diffusion hindrances
but also in the chemical transformation of target sub-
stances [14, 15]. Skripkina et al. [16] showed the pros-
pects of the mechanochemical treatment of brown
coal in the presence of oxidizing alkaline reagents
aimed at modifying the structure of HAs in order to
increase the amount of phenolic and carboxyl groups.

The purpose of this work was to study the surface-
active properties of humic acids isolated from brown
coals mechanically activated under oxidizing alkaline
conditions.

EXPERIMENTAL

The test materials were humic acids isolated from
oxidized brown coal (OBC) from the Chui-Kenul
deposit (China) and brown coal (BC) from the Ching-
Chai deposit (China), which were characterized by ash
contents of 16.7 and 29.9 wt % and moisture contents
of 16.8 and 6.7 wt %, respectively.

Coal was preliminarily crushed in a Nossen 8255
disintegrator to a particle size of 1—3 mm (rotational
speed of the grinding parts was 3000 rpm). Mechanical
treatment (MT) of coal was carried out in an AGO-2
planetary mill in the presence of 8 wt % NaOH
(OBC1) and an oxidizing alkaline complex containing
5% NaOH, 2% Na4P207, and 3% N32CO3 * 15 ° H202
(OBC2 and BC2) in the following mode: drum speed,
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1820 rpm~!; centrifugal acceleration, 600 m/s?; and
time, 2 min. Grinding bodies were steel balls with a
diameter of 8—10 mm.

The concentration of acidic ionogenic groups was
determined by back potentiometric titration on an
Anion 4100 laboratory pH meter (Russia). During the
titration of HAs, the ionic strength of solution was
maintained at a constant level with a saturated solu-
tion of sodium chloride. Three clear inflections were
distinguished in the obtained titration curves in ranges
of pH 10—11 (phenolic hydroxyls of C,,OH), pH 6.5—
9.5 (carboxyl groups at the aromatic ring C,, COOH),
and pH 2.5-6.5 (carboxyl groups at hydrocarbon
chains C,;, COOH). The equivalence point was calcu-
lated using numerical interpolation.

The study of the structural group composition was
carried out on a Bruker Avance 400 NMR spectrome-
ter with an operating frequency of 100 MHz for BC
nuclei. A weighed portion of HAs was dissolved in
NaOD/D,0.

The surface tension of the solutions was measured
on a K20 digital tensiometer (EasyDyne) by the Du
Nouy ring method at a temperature of 24°C. The
accuracy of measuring the surface tension of solutions
was 0.08%. Ionic strength was maintained by adding a
2 M solution of KCIl. Working solutions with concen-
trations from 0.01 to 2.0 g/L were obtained by dissolv-
ing HA samples in sodium hydroxide (pH 8).

The critical micelle concentration (CMC) was
determined from the inflection point of the curve ¢ =

SlogC) [11].

The standard Gibbs energy AGI?,l per mole of func-
tional group was calculated using the formula

AGy, = RT - LnCeye, (3.1)

where Cgyc is the concentration of functional groups at
the point of critical concentration; R is the universal gas
constant (8.314 J mol~! K~'); and 7 'is temperature, K.

The limiting adsorption at the gas—liquid interface
I',.« Was determined by plotting the graphic depen-
dence C/T" = f(C). Adsorption equilibrium constants
(K,, L/g) were calculated based on the experimental
isotherms of monomolecular adsorption of HA sam-
ples [2, 18].

The surface area .S per molecule in the adsorption
layer was determined from the formula

§S=—_.N,

max

where N, is the Avogadro number (6.02 X 102 mol™').

The thickness of the adsorption layer & was calcu-
lated using the formula

3.2)

Do (3.3)

o= .
K - Cemc
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The free energy of adsorption —AG, 4, kJ/mol, was
determined by the formula

AG,4 = —AG) —(0.6022 - A§ - S), G4

where AG = G, — O is the efficiency of reducing
surface tension;

o,, is the surface tension of water; and
Ocmc is the surface tension at CMC.

RESULTS AND DISCUSSION

Humic acids in aqueous solutions can exist in dif-
ferent forms—individual macromolecules, associates,
supramolecular structures, and micelles—depending
on the pH and concentration of solution [8, 17].
HA associates at pre-micellar concentrations above
5 mg/dm? are classified as supramolecular structures
[18, 19]. The behavior of humic colloids in aqueous
solutions depending on the concentration and struc-
ture of molecular ensembles has been the subject of a
small number of studies, although it determines many
processes in ecosystems [8, 18, 19].

The colloidal properties of HAs determine their
tendency to concentrate on the water—air interface
and, at the same time, orient themselves: the nonpolar
part is directed toward the nonpolar phase, and the
polar part is directed into water. As a result, the differ-
ence between the polarities of the phases decreases;
according to the Rehbinder rule, this decreases the
surface tension ¢. The resulting force directed into the
phase decreases due to the increase in the interaction
of HAs with water, which leads to a decrease in the
excess energy of surface molecules.

The experimental surface tension isotherms shown
in Fig. 1 illustrate the dependence on structural
changes in HA macromolecules after the MA of coals.
For HAs isolated from OBC and BC, the surface ten-
sion isotherms were identical (Fig. 1a). A decrease in
the value of ¢ from 70 x 1073 to 56 x 10~3 kJ/m? indi-
cated a low surface activity of HAs. At a certain value
of the critical HA concentration of 0.17—0.2 g/dm? in
an alkaline solution, colloids of a certain type were
formed from HA macromolecules that do not have
surface activity. A further increase in the concentra-
tion of HAs in the solution did not lead to a decrease
in ¢ at the phase boundary, the values of which
remained constant.

Figure 1b shows the ¢ isotherms of aqueous solu-
tions of HAs isolated from OBC and BC after MA with
8% NaOH and a complex of reagents. The curves of
the dependence ¢ = f{C) exhibited two steps charac-
terized by different values of CMC. If the system con-
tained several surfactants that differed sharply in sur-
face activity, the surface tension isotherm had a
stepped shape in some cases, which was explained by
the presence of two types of colloids and two values of
CMC.
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Fig. 1. Surface tension isotherms: (a) HAs (/) from untreated OBC and (2) from untreated BC; (b) (/) MA OBC with 8 NaOH,
(2) MA OBC with a complex of reagents, (3) MA BC with 8% NaOH, and (4) MA BC with a complex of reagents.

The Gibbs free energy AG®° and the free energy of
adsorption AG,, per mole of functional groups were
calculated after the mathematical processing of exper-
imental ¢ isotherms of HAs taking into account the
functional groups involved in the formation of CMC
(Table 1).

The critical concentrations for mechanically
treated HA10BC, HA20BC, HA1BC, and HA2BC
increased by factors of 1.4—1.9 and 7—9 at the first and
second stages, respectively, as compared to the CMCs
of the initial HAs. The processes of formation of first
type colloids in mechanically processed and original
HAs were characterized by similar values of the Gibbs
energy. The second type of colloids was formed at
higher CMC values and lower Gibbs and adsorption
energies. A decrease in the adsorption energy was
observed in mechanically processed HA samples, as
compared to that of the initial HA. The adsorption
energy was higher than the Gibbs energy for all of the
HA samples, and this fact indicated the predominance
of the adsorption process.

Table 2 shows the adsorption parameters of HAs
depending on the conditions of mechanical process-
ing. The maximum adsorption of HAOBC and HABC
in monomolecular layers per elementary chain unit,
whichwas 0.3 x 107> and 0.2 X 107> g/m?, respectively,
was achieved at solution concentrations of 0.20 and
0.17 g/dm?, respectively. The formation of first type
colloids in HA1OBC, HA20BC, HAIBC, and
HA2BC was characterized by a decrease in the value of
adsorption T',,,,, to 0.1 x 10~ g/m? in the above con-
centration ranges. The maximum adsorption of col-
loids of the second type in mechanically treated HAs
reached values similar to those of the HAOBC and
HABC samples but at concentrations of 1.05—
1.32 g/dm? in solution.

The area .S occupied by a segment of HA1OBC,
HA20BC, HAIBC, and HA2BC molecules at the
first stage of colloid formation increased by a factor of 3,
as compared with those of HAOBC and HABC. This
can be due to an increase in the size of a structural unit
due to the replacement of hydrogen atoms by carboxyl

Table 1. Critical concentrations (CC) for the formation of humic colloids, Gibbs energies, and adsorption energies

CC, g/dm? Ccc %103, mol/dm? —AG°, kJ/mol —AG,4,, kJ/mol
Sample

1C 2C 1C 2C 1C 2C 1C 2C

HAOBC 0.20 3.40 14.1 20.4

HABC 0.17 3.18 14.3 20.9
HA10BC 0.22 1.32 4.75 28.50 12.9 8.7 16.0 1.1
HA20BC 0.32 1.15 4.92 26.22 12.0 8.7 14.2 11.5
HAIBC 0.25 .15 5.70 26.22 12.6 8.9 16.2 11.1
HA2BC 0.30 1.05 6.18 21.63 12.4 9.3 14.4 11.2
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Table 2. Adsorption parameters of humic acids
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T oy X103, g/m? S, nm?2 8% 107, m K,, dm’/g
Sample

1C 2C 1C 2C 1C 2C 1C 2C
HAOBC 0.3 0.55 15.0 9.9
HABC 0.2 0.80 11.0 10.5
HA10BC 0.1 0.3 1.7 0.55 4.5 9.4 4.0 2.4
HA20BC 0.1 0.3 1.7 0.55 7.6 9.3 4.1 2.8
HA1BC 0.1 0.25 1.7 0.50 6.4 8.4 6.2 4.0
HA2BC 0.1 0.18 1.7 0.55 5.9 9.5 6.7 1.4

and hydroxyl groups, which is in good agreement with
the results of the determination of functional groups.

Table 3 shows the concentrations of acidic iono-
genic groups in HAs. Carboxyl groups in humic acids
isolated from untreated coals partly occurred in the
form of stable complexes, which did not completely
dissociate in aqueous solution and did not react with
sodium hydroxide to exchange for hydrogen ions.

Mechanochemical treatment in the presence of
acid—base and redox reagents led to a change in the
yield and quality characteristics of the main compo-
nents of coals. The concentration of hydroxyl and car-
boxyl groups in humic acids isolated from coals after
MA with 8 wt % NaOH and a complex of oxidizing
alkaline reagents increased (Table 3).

An increase in the number of polar functional
groups promoted the horizontal arrangement of mol-
ecules thereby reducing their concentration in the sur-
face layer (Table 2). Because of this, the calculated
layer thickness & for mechanically treated HA samples
at the first stage decreased by a factor of 2—3.5.

The close values of the area .S occupied by a seg-
ment of molecules of mechanically treated HA sam-
ples at the second stage of ¢ isotherms, and those of
HAOBC and HABC indicated a decrease in the role of
functional groups compared to that at the first stage of
colloid formation. As a result, the thickness of the
adsorption layer increased (Table 2).

Higher values of the adsorption equilibrium con-
stants for HA molecules in mechanically treated sam-
ples were observed at the first step of the G isotherms,

Table 3. Concentrations of acidic ionogenic groups
(mg-equiv/g) in humic acids

Sample CAOH C,.COOH | C, COOH
HAOBC 9.1%0.1 7.510.1 1.6 £0.1
HABC 11.8 £ 0.1 8.0x0.1 24+0.1
HA10BC 12.1+£0.2 8.4+0.2 29+0.2
HA20BC 10.5+0.1 6.11£0.2 24401
HAIBC 12.1+£0.2 8.3x0.2 25+0.2
HA2BC 13.0£0.3 7.0+£0.2 26+04
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but they were lower by a factor of 1.5—2.0 than those
for HAOBC and HABC due to structural differences
as a result of mechanochemical modification. The
characteristics of the structure of all HA samples were
given on the basis of the results of *C NMR spectros-
copy (Table 4). To assess the hydrophobic—hydro-
philic balance of the molecular ensemble of HAs, we
used the ratio of the concentration of hydrophobic
aromatic and aliphatic fragments 2(C,, + C, O +
Ca) to the concentration of hydrophilic fragments
2(Ceoon T Ca0), the composition of which is dom-
inated by carbohydrates and peptides. The hydropho-
bic component of the mechanically activated HA mol-
ecules decreased in comparison with that of HAOBC
and HABC, and this led to a decrease in the Gibbs
energy, adsorption energy, and adsorption equilibrium
constants.

CONCLUSIONS

It should be noted that humic acids isolated from
untreated coals in an alkaline solution form associates
with a minimum average particle radius and an
increase in the dissociation of acid groups and surface
activity at the gas—liquid interface. The resulting col-
loids are characterized by higher values of adsorption
energy and adsorption equilibrium constants in com-
parison with mechanically processed samples of HAs.

Upon the structural mechanochemical modifica-
tion of humic acids, the amount of acidic ionogenic
groups and hydrophilic fragments, the composition of
which is dominated by carbohydrates and peptides,
increases; the hydrophobicity of molecules and the
resulting force directed inside the phase decreases to
facilitate a decrease in the excess energy of surface
molecules. With an increase in the concentration of
HAs in the solution, the second type of colloids is
formed, which are characterized by a decrease in the
Gibbs energy, adsorption energy, and adsorption equi-
librium constant compared to those of the initial HAs.
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Table 4. Fragment composition of HAs according to '*C NMR spectroscopic data

2(Cpr T CA 0+ Cyuyp)
Sample COOH-C=0 C, O C,.CH C.O C
P AT A Alk Alk /E(Ccoon + CanO)
HAOBC 16.9 12.9 37.1 13.3 19.8 2.31
HABC 17.8 12.0 37.8 15.2 17.2 2.03
HA10OBC 19.2 11.6 38.2 14.9 16.1 1.93
HA20BC 11.6 13.0 31.5 16.0 27.9 2.62
HAI1BC 13.1 12.0 34.0 16.5 24 .4 2.37
HA2BC 12.9 11.2 33.9 16.8 25.2 2.36
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