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Abstract—The results of studies of humic substances in water bodies of different types (lakes, rivers, and
reservoirs) are given. It is shown that concentration of these natural organic compounds varies in a wide range
of values (from 1.2 to 126.5 mg L") due to different sources of their formation. The highest concentrations of
humic substances are characteristic for rivers of the Pripyat’ River basin flowing through the wetland. As we
move from the north to the south, the content of humic substances is reduced. So, in the Kakhovka Reservoir,
closing the Dnieper cascade of reservoirs, the concentration of humic substances is almost thrice as low as in
the Kiev Reservoir, which is at the head of the cascade. Seasonal changes of humic substances concentration
and the reasons for these changes are discussed. The prevailing fraction in the composition of humic substances
is represented by fulvic acids, the content of which reaches 80.8-94.8% of the total. The results of studies of
the molecular weight distribution of humic substances and the reasons for changes in the ratio of their
individual fractions, depending on the detection method (spectrophotometric and fluorescence methods), are
considered. The values of the number average (M,) and weight average (M,,) molecular weight of humic
substances and the degree of polydispersity are calculated. It is shown that M,, varies seasonally. In spring and
summer it is lower, but significantly increased in autumn. The reason for this phenomenon is degradation of
high-molecular fractions of humic substances under the influence of UV light of solar radiation and increased
microbiological activity during the summer season. As a result of these processes high-molecular fractions of
humic substances are transformed into fractions with lower molecular weight, which become predominant.
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Humic substances are an integral component and
the most widespread group of dissolved organic matter
in natural surface waters, which has a significant
impact on their chemical and biological quality and
their suitability as a habitat for aquatic organisms.
Humic substances are formed from decaying remains
of plants and animals as a result of chemical and
microbiological processes and are represented by
polydisperse macromolecular mixtures [1, 2]. Usually
the following three fractions are distinguished in the
composition of humic substances: humic acids, which
are insoluble in acidic medium (pH < 2); fulvic acids,
which are soluble in water within the whole range of
pH values; and humins, which are insoluble in water at
any pH value. The specific characteristic of humic
substances is that they cannot be described as

compounds with a definite molecular structure [3]. As
stated in a number of recent reviews studying the
molecular structure of humic substances, there is still
no consensus with regard to their main structural
components [2, 4, 5].

The predominant fraction of humic substances in
natural surface waters is fulvic acids. Thus, the ratio of
fulvic acids to humic acids in low-color waters reaches
10 : 1, whereas in high-color waters this figure is 5 : 1.
In pore solutions of the bottom sediments of water
bodies this ratio is radically different and is equal to
1 : 3, which indicates the dominance of humic acids in
these solutions [2, 6].

In freshwater ecosystems the relative content of
fulvic acids amounts to an average of approximately
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50% of dissolved organic matter [2, 7, 8]; however,
there are frequent cases when it can reach even 90%
[6, 8]. The latter is characteristic for rivers draining
basins with a high content of peat [9].

There is approximately 50% of carbon, 4-5% of
hydrogen, 35-40% of oxygen, 1-2% of nitrogen, and
less than 1% of sulfur and phosphorus in the elemental
composition of humic substances [8]. Humic substances
are represented by heterogeneous mixtures of different
organic compounds and their macromolecules contain
various functional groups, including aromatic, quinoid,
and aliphatic structures in the nucleus, as well as
amino-acid- or carbohydrate-like structures and car-
bonyl, carboxyl, phenolic, and hydroxyl groups in the
periphery [2, 10]. There are also phosphorus- and
sulfur-containing groups. At the same time, such
characteristics of humic substances as the size of mole-
cules, chemical composition, structure, and functional
groups can significantly vary depending on their source
of origin and age [10]. Due to their multi-functionality
and diversity of structure, humic substances take part
in ion, hydrophobic, and electron donor-acceptor
interactions [11].

As complex macromolecular structures humic sub-
stances are characterized by a wide range of molecular
weight values, ranging from several hundred to several
thousand or even tens of thousands dalton (Da) [9, 12—
14]. The molecular weight of humic acids greatly
exceeds the molecular weight of fulvic acids [12, 13,
15, 16]. It is explained, on the one hand, by formation
of hydrogen bonds between phenol hydroxyl and
carboxyl functional groups in the composition of their
macromolecules and, on the other hand, by aggrega-
tion of humic acids with amorphous silica and clay
substances [2, 16].

The results of studies of humic substances are re-
flected in a great number of scientific works, including
several specialized monographs, focusing on
physicochemical properties of these natural organic
acids [2, 8, 9, 14]. Despite the fact that humic
substances are well-studied, scientific interest to them
has not recently dropped but, on the contrary, it is
increasing, which is caused by the following
circumstances. Firstly, humic substances are a source
of organic carbon and a nutrient for plants,
microorganisms and benthic organisms. Secondly, they
play an important role in the cycle of such biogenic
elements as nitrogen and phosphorus, defining their
bioavailability. Thirdly, humic substances participate
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in many biochemical and geochemical processes; they
have influence on formation of the hydrochemical
regime of surface water objects, in particular, their
oxygen regime. Fourthly, humic substances play a
crucial role in detoxification processes. It is well-
known that due to their complexing ability these
natural organic acids bind metal ions and organic
toxicants in the complexes and adducts, thus reducing
their chemical and biological activity, which
eventually results in a reduction in their toxicity to
living organisms [9, 12, 13, 16-21]. Therefore, we can
speak with confidence about a significant influence of
humic substances on the functioning of aquatic
ecosystems, including their abiotic and biotic
components [18].

At the same time, an increased concentration of
humic substances in a water body can also have certain
negative effects. In particular, it has been found out
that in this case there is limitation of the primary
production resulting from reduced depth of the photic
zone [2]. Furthermore, in the process of drinking water
treatment at the stage of chlorination of water,
containing high concentrations of humic substances,
there is formation of chlorine derivatives with serious
carcinogenic properties, which is dangerous for human
health [22, 23].

The principal role of humic substances in the
functioning of aquatic ecosystems sets new tasks on
advanced study of physicochemical properties of these
natural organic compounds. These data are necessary,
first of all, in order to understand reactions and
interaction processes that take place in surface water
objects with the participation of these compounds. The
more information we have about the structural and
functional properties of humic substances, the better
we understand the mechanisms that are responsible for
complexing, reduction, bioavailability, and mobility or
immobility of metals and toxic organic substances in
abiotic components of aquatic ecosystems.

The composition variability, heterogeneous nature,
multi-functionality, and polydispersity of humic sub-
stances make it necessary to apply a complex of research
methods, combining different extraction, concentration,
separation, and detection techniques, in order to study
the content and physicochemical properties of these
compounds. At present there is a tendency towards the
development of a certain unified approach to the study
of humic substances, which is reflected in a number of
recently published scientific works [9, 16].
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This work summarizes the results of studies of
humic substances in different types of water objects of
the Ukraine (rivers, lakes, and reservoirs), located in
different physicogeographical zones.

EXPERIMENTAL

Studies of humic substances were carried out at
different water objects, including lakes of the Shatsk
group, rivers of the Pripyat’ River basin, reservoirs of
the Dnieper cascade, the Danube River (Kiliya delta),
the Desna River (mouth), the Ros’ River (near the
Belaya Tserkov’ Town), the Yuzhnyi Bug River (near
the Khmel’nitskii Town), the Seret River (upstream
and downstream of Ternopol’ Reservoir), the Gornyi
Tikich River (within the boundaries of Chernaya
Kamenka village), Ternopol’ Reservoir (upper and
lower reaches), and upper Kitaevo pond (in Kiev City).

Water samples were collected from the surface
layer at a depth of ~ 0.5 m and were transported to the
laboratory for further investigation as soon as possible.
In order to separate suspended materials the water
samples in the volume of 1.0-1.5 L were passed
through membrane filters produced by Synpor (Czech
Republic) with the pore diameter of 0.4 um.

In order to separate humic substances the natural
water filtrate was passed through a column with DEAE
(diethylaminoethyl) cellulose anion exchanger pro-
duced by the SERVA Company. The length of the anion
exchange column is 27.5 cm, the diameter is 2.5 cm,
and the sorbent layer thickness is 4.5 cm. The void
volume of the column is 12.5 mL. The advantage of
DEAE cellulose as a sorbent is that sorption of humic
substances takes place primarily on the surface of the
sorbent, which significantly facilitates their desorption.
The process of desorption was carried out in three
stages, which was aimed to provide a more complete
extraction of humic substances. At the first stage
0.3 mol L' KOH solution was used as an eluent, the
second stage involved application of 0.02 mol L
H,SO, solution, and at the third stage 0.3 mol L!
KOH solution was used again. The elution rate
amounted to approximately 1.0 mL min™'. Multifold
concentration of humic substances (in most cases at
least 25-50-fold, depending on the object of research
and the content of humic substances in the water) was
achieved in the course of the adsorption process. In
some cases the resulting concentrate of humic
substances was subject to fractionation into humic and
fulvic acids, which was performed in an acidic me-
dium at pH of 1.5-2.0 and temperatures of up to = 50°C
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during several hours. Precipitation of the resulting
sediment of humic acids took twenty-four hours, after
which it was separated by centrifugation. The fraction
of fulvic acids was put into an acidified solution, pH of
which was brought up to the value characteristic for
the source natural water. The sediment of humic acids
was dissolved in an alkaline solution; after its complete
dissolution its pH was also brought up to the initial
value.

Different methods were applied to determine con-
centrations of humic substances. These techniques
included spectrophotometric and fluorescence mea-
surements, as well as the photometric method involv-
ing a coupling reaction with diazotized 4-nitroaniline
[24]. All the listed methods are applicable for detection
of humic substances only after they are extracted from
natural water. Another technique that was applied was
an indirect method to detect humic substances based
on determination of the colority of water or solutions
containing these compounds with the use of the
simulating cobalt-dichromate scale [25].

Absorption and fluorescence spectra of humic
substances solutions in concentrates and in fractions
after gel-chromatographic separation were registered using
Unico UV 2800 spectrophotometer and Perkin Elmer
LS-55 fluorescence spectrometer with a xenon
discharge lamp. In case of spectrophotometric and
fluorescence methods of detection the concentration of
humic substances was found according to the
calibration graphs “Optical density at 254 nm -
concentration of humic substances, mg L' and
“Fluorescence intensity (440 nm) — concentration of
humic substances, mg L'.” In case of photometric
detection by the coupling reaction the concentration of
humic substances was found according to the
calibration graph “Optical density at 540 nm -
concentration of humic sub-stances, mg L™'.” The
calibration graphs for detection of humic and fulvic
acids were built using their preparations, extracted
from the water of the Kanev Reservoir and lakes of the
Shatsk group, purified, and dried in compliance with
the methodology described in the works of LS.
Sirotkina [26].

The molecular weight distribution of humic
substances and their fractions (humic and fulvic acids)
was studied using the method of gel-chromatography.
A glass column filled with TOYOPEARL HW-50F gel
(Japan) was used for the purpose. The column
parameters were as follows: length of 82.0 cm,
diameter of 2.8 cm, gel layer thickness of 62.0 cm, and
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void volume (V) of 160 mL. The column was
preliminarily calibrated using solutions of poly-
ethylene glycols with a molecular weight of 1.0, 2.0,
15.0, and 20.0 kDa and glucose with a molecular
weight of 0.18 kDa. The concentration of polyethylene
glycols and glucose in the solutions amounted to 2.0
and 0.5 mg mL"', respectively. The eluent was
represented by 0.025 mol L™ phosphate buffer solution
with pH of 7.0, which made it possible to eliminate
effects of electrostatic interactions of humic substances
polyanions with the gel [27]. The value of V, was
found using blue dextran solution (2000 kDa). The
molecular weight of humic substances in fractions was
determined according to the calibration graph, built in
the coordinates of V,/Vy — log M. The distribution coef-
ficient (R) was calculated according to the formula (1):

V.~ V,
R= s 1
- (M

where V, is excluded volume of product with definite
molecular weight (M), V, is void volume of the
column, ¥, is total volume of the column.

Based on the results of studies of the molecular-
weight distribution of humic substances, as well as
humic and fulvic acids in the composition of these
compounds, it was possible to calculate their average
molecular weight — number average (M,) and weight
average (M) — according to the formulas (2) and (3)
[16, 28, 29]:

W
1
My =——> )
S(W/M;)
1
n
(M)
My————. 3)
W

where W; is total weight of molecules with molecular
weight of M;, which can be expressed as the substance
concentration using optical density of the solution,
fluorescence intensity, or carbon content of organic
compounds (Cor,). In addition, the degree of polydis-
persity (P) was calculated according to the formula (4):

S

p=_ “4)

=
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The most frequently used value to characterize the
average molecular weight of humic substances, humic
acids, and fulvic acids is M,,.

The total content of organic compounds (Cyrg) Was
calculated based on the results of determination of the
chemical oxygen demand (COD) using the following
formula (5):

Corg=0.375%COD. )
RESULTS AND THEIR DISCUSSIONS

1. Methodological Characteristics of Extraction
and Methods for Detection of Humic Substances

As demonstrated by the research results, it was
impossible to achieve complete extraction of humic
substances in the process of desorption from the
column with DEAE cellulose. In case of one-stage
desorption, involving the use of 0.3 mol L' KOH
solution only, the extraction degree of humic sub-
stances amounted to 74-90% (83% at average),
whereas in case of three-stage desorption described
above this figure is as high as 90-96% (93% at
average). The losses are significantly higher when
humic substances are extracted from high-color water.
In such cases three-stage desorption is especially
useful, as it significantly minimizes the losses. Never-
theless, the results of our research works convince us
that DEAE cellulose is quite applicable as a sorbent for
extraction of humic substances from natural water. The
extraction degree of humic substances is considered
satisfactory when it is not less than 85% [12].

A number of methods, different both in sensitivity
and some other characteristics, were applied to
determine the content of humic substances in concen-
trates after extraction from natural water samples and
in fractions after gel-chromatographic separation. It
was found that all of the applied techniques gave
satisfactory results (Table 1).

The fluorescence method is characterized by the
highest degree of sensitivity. The method for detection
of humic substances on the basis of the water colority
cannot be considered precise or reliable and, therefore,
it was most often used as an auxiliary method. Never-
theless, the use of this technique makes it possible to
determine the concentration of humic substances
directly in the natural water filtrate without extracting
them, which cannot be achieved by other methods due
to various interferences.
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Table 1. Content of humic substances in surface natural waters determined using different methods

Methods of detection
Objects of research, daFes of water spectrophotometric fluorescence photometric method method baseq on
sample collection method method water colority
Concentration of humic substances, mg L™

Desna River, mouth, 02.11.2011 10.2+0.3 11.5+0.4 10.9£0.5 9.9+0.3
Desna River, mouth, 27.05.2011 14.840.3 15.3£0.4 13.240.3 11.6+0.3
Desna River, mouth, 09.02.2012 19.34+0.7 21.0+0.8 20.2+0.9 18.3+0.7
Ros’ River, 22.05.2011 7.9+0.2 7.3£0.3 No analysis performed 6.3+0.2
Ros’ River, 27.11.2011 10.6+0.4 10.1£0.5 10.2+£0.4 8.9+0.4
Danube River, mouth, 15.11.2012 17.741.3 19.4+1.5 19.0£1.6 18.4+1.7
Kanev Reservoir (Desenka branch), 34.8+£2.6 37.5£2.9 37.242.8 36.0£3.1
25.05.2012

2. Concentrations of Humic Substances
in Studied Water Objects

The content of humic substances in the water
objects under study is characterized by a wide range of
values (Table 2), which is associated with different
physicogeographical zones of their location and,
therefore, with specific features of formation of organic
substances, including humic substances, in these water
objects. Maximal concentrations of humic substances
were found in the rivers of the Pripyat’ River basin and
the Pripyat’ River itself. The characteristics feature of
the Pripyat’ River basin is its high level of swampiness,
reaching 40% [30], which has a significant impact on
formation of dissolved organic matter and, first of all,
humic substances in rivers passing through the territory

N
(e
-

(O8]
(=]

Fulvic acids, mg L™
—_ [\
[« (]

of the basin. However, not all rivers of the Pripyat’
River basin are characterized by a high content of
humic substances. Concentrations of humic substances
in rivers of the Western Poles’e (Stokhod, Styr’, Prostyr’,
and Goryn’) are much lower as compared to the Northern
Poles’e (Ubort’, Stviga, L’va, and Slovechna). This
phenomenon is related to the fact that in the first case the
formation of dissolved organic matter is based primarily
on groundwater feeding, whereas rivers of the second
group are fed from peatlands and wetlands [31]. A high
content of humic substances is also characteristic for
the Kiev Reservoir, located at the head of the Dnieper
cascade, which can be explained by the inflow of high-
color waters from the rivers running into it, especially the
Pripyat’ River. As we move down the cascade of
reservoirs, concentrations of humic substances decrease

Humic acids, mg L™
— —_
t O

e L o L
o W oo o i

SP

Fig. 1. Changes in average concentrations of fulvic and humic acids in waters of Kiev (I), Kremenchug (II), and Kakhovka (III)
reservoirs of the Dnieper cascade in spring (SP), summer (SU), and autumn (AU).
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Table 2. Content of humic substances in some water objects of the Ukraine according to 2010-2012 research results

LINNIK et al.

(spectrophotometric measurements performed at 254 nm)

Objects of research

Humic substances

mg I_fl % Corg
Lakes of the Shatsk group
Lyutsimir 9.5-46.3 58.6-92.0
20.9+7.8 84.8+4,7
Bol’shoe Chernoe 11.9-15.8 70.8-86.5
14.2+1.5 79.6%6.3
Rivers
Pripyat’, Senchitsy village 27.8-95.4 =
58.3+15.6
Rivers of Pripyat’ River basin, June of 2010° 31.5-122.0 =
Rivers of Pripyat’ River basin, September of 2010" 26.0-75.8 =
Rivers of Pripyat’ River basin, July of 2012° 20.3-126.5 71.0-91.5
Rivers of Pripyat’ River basin, October-November of 2012° 15.5-35.0 67.3-88.6
Desna, mouth 10.2-19.3 67.9-88.7
12.9£2.4 77.9+9.7
Ros’, Belaya Tserkov’ Town 7.6-13.0 48.5-84.2
9.1£1.6 72.4+13.8
Yuzhnyi Bug, Khmel’nitskii Town 6.7-11.9 51.2-88.3
8.3+3.7 68.7£14.4
Danube, Kiliya delta 2.5-11.3 =
6.7+3.8
Seret, upstream of Ternopol’ Reservoir 1.2-7.5 33.3-75.0
3.542.4 56.6£10.8
Seret, downstream of Ternopol” Reservoir 3.2-9.8 52.8-78.1
6.9£2.5 68.9+12.8
Gornyi Tikich, Chernaya Kamenka village 12.2-22.0 =
17.0+£3.6
Reservoirs
Kiev Reservoir (1990-1995) 14.6-47.8 62.3-83.5
31.549.2 71.8+7.8
Kanev Reservoir, upper reaches 13.4-35.6 55.8-79.7
22.3+8.4 68.5+5.6
Kremenchug Reservoir (1990-1995) 9.5-23.8 52.4-71.3
16.5+4.6 64.5+5.5
Kakhovka Reservoir (1990-1995) 5.3-21.0 45.3-59.6
11.245.8 54.8+4.3
Ternopol” Reservoir, upper reaches 32-6.2 43.5-79.5
4.9+2.6 60.1£13.3
Ternopol” Reservoir, lower reaches 5.4-10.6 57.4-71.0
8.8+1.0 68.6+11.1
Ponds
Upper Kitaevo pond, Kiev City 8.7-13.6 36.3-74.8
10.5+0.7 59.3+8.1

* Slovechna, Ubort’, Stviga, L’va, Goryn’, Styr’, Prostyr’, and Stokhod rivers. ° Sluchv, Tsir, Styrv, Stochod rivers. ¢ Calculations were not
carried out due to the lack of data on Cy,. The data on the content of humic substances in the reservoirs of the Dnieper cascade for 1990—
1995 are given according to work [17]. In Tables 2 and 3: figures above the line correspond to ranges of values, whereas figures below

the line represent average values.
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Fig. 2. Content of humic substances in waters of Pripyat’ basin rivers in summer and autumn of 2010 (a) and 2012 (b).
(a) Slovechna (1), Ubort’ (2), Stviga (3), L’va (4), Goryn’ (5), Styr’ (6), Prostyr’ (7), Stokhod (8), and Pripyat’ (9); (b) Stokhod
(1), different parts of Tsir (2a and 2b), different parts of Pripyat’ (3a, 3b, and 3c), and Sluch’ (4).

significantly, as can be seen from the example of the
Kakhovka Reservoir, closing the cascade. The average
content of this group of organic substances in this
reservoir is almost thrice as low as in the Kiev
Reservoir (Table 2). A clearer idea about changes in the
average long-term concentration of humic substances in
the water of the Dnieper reservoirs can also be given
by the data presented in Fig. 1. The decrease in the
concentration of humic substances in the downstream
water object as compared to the upstream reservoir
results from partial adsorption of these compounds on
suspended matter and sedimentation of the suspension,
dilution with low-color waters, assimilation by
hydrobionts, and a number of other reasons [32]. In this
connection it should also be added that river waters of
the forest-steppe and steppe zones are characterized by
low concentrations of humic substances due to weak
leaching of humus from the soils of these zones, as the
content of the so-called free moving forms of humic
substances in them is reduced [32].

The content of humic substances undergoes
seasonal changes, which is related to changes in the
hydrological regime of water objects, as well as to all
kinds of chemical and biochemical transformations.
This can be demonstrated by the example of the
Dnieper reservoirs (Fig. 1) and rivers of the Pripyat’
River basin (Fig. 2). The Dnieper reservoirs are located
in such a way that, as a rule, maximal concentrations
of humic substances in the upstream water bodies are
to be observed during the spring flooding period, when
humic substances are leached out from wetlands and

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 83

peatlands and enrich river water, coming into the water
reservoirs. To the greatest extent this applies to the
Kiev Reservoir. Later, in the period from spring to
autumn, the content of humic substances decreases,
which results, on the one hand, from decrease in their
concentration in waters of the feeding rivers and, on
the other hand, from assimilation of humic substances
by aquatic organisms, as these compounds are an
important nutrient source for their growth and living.

In the downstream reservoirs of the Dnieper
cascade (Zaporozh’e and Kakhovka Reservoirs) maximal
concentrations of humic substances are observed in
summer (Fig. 1), which is related to the delayed inflow
of water with a high content of these organic
compounds from the upstream reservoirs. At the same
time, it can happen that concentrations of humic
substances in the upstream reservoirs of the cascade
significantly increase during the autumn period after
long and heavy rainfalls in the Poles’e zone, which the
rivers pass before entering the cascade. Such a
situation was observed in autumn of 1993 and even in
winter of 1998—-1999 in thawing weather.

The highest concentrations of humic substances in
rivers of the Pripyat’ River basin are characteristic for
the spring-summer period, whereas in autumn they fall
down (Fig. 2). The reasons for this phenomenon have
been already described above.

In small-size reservoirs, including, for example,
Ternopol’ Reservoir on the Seret River, the content of
humic substances increased at the end of summer and
in autumn from 4.8 to 6.2 mg L', which is

No. 13 2013
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Fig. 3. Ratio of humic substances fractions with different molecular weight (averaged data) in studied water object according to
results of spectrophotometric (a) and fluorescence (b) measurements of their concentrations. Water objects: Lutsimir Lake (7),
Bol’shoe Chernoe Lake (2), Desna River (3), Ros’ River (4), Kanev Reservoir, Desenka branch (5), upper Kitaevo pond (6),
Yuzhnyi Bug River (7), Seret River (8), and Ternopol’ Reservoir (9).

approximately by 25-30%. Apparently, it is related to
formation of humic substances in the water body itself,
where they are formed from the remains of algae, plant
and animal organisms as a result of chemical and
microbiological processes. In this case the
concentration of humic substances in the lower reaches
of the reservoir was almost twice as high as compared
to the upper reach (Table 2). Such a situation was also
observed in a small river of Gornyi Tikich, where a
number of small-size reservoirs are located. In these
reservoirs water colority, which is an indirect indicator
of the content of humic substances, significantly
increased from spring to autumn from 17.0 to 30.6
degrees of the simulating cobalt-dichromate scale.

The prevailing fraction in the composition of humic
substances in the studied water bodies and streams is

represented by fulvic acids, the relative content of
which reaches 80.5-94.8%, which is in line with the
numerous data on the ratio of fulvic and humic acids in
other water objects [2, 6, 8].

3. Specific Features of Molecular-Weight
Distribution of Humic Substances

Studies of the molecular-weight distribution of
humic substances seem important, first of all, from the
ecological point of view as assimilation of these
compounds by phytoplankton and aquatic vegetation
greatly depends on their molecular weight. There is a
general opinion that high-molecular fractions of humic
substances cannot penetrate biological membranes due
to their size [33]. A number of works [21, 34] state that
such penetration is possible only for molecules, the
molecular weight of which does not exceed 5.0 kDa.
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Fig. 4. Gel chromatograms of humic substances extracted from water of Desna River on 02.11.2011 (a) and Lutsimir Lake on
21.09.2011 (b), depending on detection methods. Cys: 12.0 mg L™ (a) and 25.0 mg L™ (b). In Figs. 4 and 5: SP and FL are
spectrophotometric and fluorescence methods for determination of concentrations of humic substances, respectively; (R) —

distribution coefficient.
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Fig. 5. Gel chromatograms of fulvic (a) and humic (b) acids extracted from water of the Kanev Reservoir upper reaches (Desenka

branch, 02.11.2011). Cpa=14.3 mgL™"; Cya=1.1 mg L.

As noted above, we used the spectrophotometric
and the fluorescence methods to detect humic
substances in concentrates after their extraction from
natural water samples and in fractions after gel-
chromatographic separation, as these measuring tech-
niques are the most widely-used for the purpose.
Whereas the results of determination of the total
content of humic substances using these two methods
turned out to be satisfactory (Table 1), the data on the
ratio of humic substances fractions with different
molecular weight differed significantly (Fig. 3). In
case of spectrophotometric measurements of the
concentration of humic substances in fractions a
fraction with the molecular weight of 20.0-5.0 kDa
dominated (Fig. 3a). The relative content of this
fraction amounted to 41.0-58.4% of the total. The total
content of high-molecular fractions (>5.0 kDa) reached

43.6-59.6%. At the same time, when the fluorescence
method to detect humic substances was used, a low-
molecular fraction (< 1.0 kDa) prevailed; the share of
this fraction in the total ranged from 38.4 to 47.0%
(Fig. 3b). Therefore, the greatest changes were
associated with fractions with the molecular weight of
20.0-5.0 kDa and <1.0 kDa.

The above-stated is also confirmed by the
corresponding gel chromatograms of unseparated humic
substances (Fig. 4). The first peak on gel chromato-
grams characterizes the yield of compounds with higher
molecular weight, whereas the second is related to the
fraction with lower molecular weight. In case of
spectrophotometric measurements of the concentration
of humic substances in fractions the first peak is
always higher than the second one, which testifies to
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prevalence of high-molecular substances. At the same
time, application of the fluorescence method for
detection of humic acids gives a different picture.
Often the second peak is much higher as compared to
the first one or both the peaks are comparable in
height, which stems from the fact that different
fractions of humic substances have different fluore-
scence properties. The intensity of fluorescence of
fractions with lower molecular weight was greater as
compared to high-molecular fractions. The results we
have obtained are consistent with numerous published
data [2, 35, 36]. Apparently, this phenomenon is typical
for aquatic humic substances regardless of the region in
which one or another water object is located. At the
same time, both the methods give similar results when
concentrations of humic substances are measured in
concentrates after desorption from a column with
DEAE cellulose, as well as after summing the content
of humic substances in individual fractions after gel-
chromatographic separation. Therefore, in our opinion,
the reason for the differences in the ratio of humic
substances fractions measured with the use of the
spectrophotometric and the fluorescence methods of
detection is related to certain methodological
imperfections. In particular, the calibration graph for
detection of humic acids was based on the use of their
preparations. It is possible that the fluorescence
intensity of unseparated humic substances is different
from the fluorescence intensity of their individual

fractions. The composition of humic substances
includes fractions with both higher and lower
molecular weight; therefore, their fluorescence

intensity can be significantly different, which is
reflected on the results of calculations of the
concentration of humic substances in each of them. A
number of works [29], characterizing the spectro-
photometric method for detection of humic acids in the
UV spectrum range, state that this technique
overestimates the content of C,, in high-molecular
fractions and underestimates this parameter in low-
molecular fractions. The authors of work [28] come to
similar conclusion.

As demonstrated by the results of studies, the
fluorescence intensity of fulvic acids turned out to be
higher as compared to humic acids (Fig. 5). In terms of
fluorescence intensity the first peak of the content of
humic substances became lower, whereas the second
remained almost unchanged and was similar to the
case of spectrophotometric measurements.

LINNIK et al.

4. Average Molecular Weight of Humic Substances

We used the results of studies of the molecular-
weight distribution of humic substances to calculate
their number average (M,) and weight average (M,,)
molecular weight, as well as the degree of
polydispersity (P). Most often scientific works give
data on M,, values for humic substances. Therefore, we
also provide M, values and the degree of
polydispersity of humic substances (Table 3) for the
studied water objects. It can be seen that there is quite
a wide range of M,, values for humic substances. Even
taking into account the average M, value for each
object, it ranges from 4.6 to 7.0 and from 2.9 to 5.8 kDa,
respectively, according to the results of the
spectrophotometric and fluorescence methods. It turned
out that the difference in the ratio of humic substances
fractions, resulting from the use of the spectrophoto-
metric and fluorescence detection methods, was also
reflected on M,, values. The degree of polydispersity is
also characterized by a wide range of values, which
ranges from 4.2 to 7.5 at average. For polydisperse
substances, including humic substances, M, < M,, as M,,
grows when the degree of polydispersity increases. It
can be also assumed that the greater are the differences
in the molecular weight of fractions of high-molecular
humic substances, the higher is the ratio of M/M,.
There is little difference in M, and M, values in case
the content of the low-molecular fraction in high-
molecular substance is low. Therefore, for monod-
isperse systems the ratio of M,,/M,, is close to one [29].
In case of a higher content of the low-molecular
fraction the differences between M, and M,, values rise
sharply and the ratio also increases. Therefore, it can be
assumed on the basis of the polydispersity values that
humic substances in surface waters of the Ukraine as
high-molecular multicomponent systems are charac-
terized by quite a high content of low-molecular frac-
tions in their composition (in some cases P reached 9—
13, see Table 3). It is also confirmed by the results of
studying the ratio of humic substances fractions with
different molecular weight (Fig. 3), which has been
described above.

For greater clarity Fig. 6 provides the average M,,
values for humic substances in each of the studied
objects taking into account different methods of their
detection. It turned out that according to spectrophoto-
metric measurements the average M, values were
approximately 1.5-fold higher as compared to fluore-
scence measurements. Therefore, it is inevitable that
the results of studies of the molecular-weight distribu-
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Table 3. Weight average (M,,) molecular weight of humic substances in water objects of Ukraine and degree of their

polydispersity (P)
Spectrophotometric method Fluorescence method
Objects of research
M,, kDa P M,, kDa P
Lyutsimir Lake 3.4-7.0 3.4-6.0 1.6-4.5 32-74
49+2.1 4.5+1.5 2.9+1.9 4.2+0.9
Bol’shoe Chernoe Lake 4.0-9.1 3.1-13.0 2.8-9.9 4.0-8.3
5.6+£2.4 42433 3.8+1.8 5.443.9
Desna River, mouth 4.6-8.5 2.7-6.1 24-6.4 33-54
6.1+1.8 4.4+0.9 3.6:0.6 4.8+1.7
Ros’ River, Belaya Tserkov’ Town 3.8-11.0 2.9-9.2 2.1-9.3 3.5-74
5.5+0.6 5.6+1.1 4.4+1.5 5.6+1.1
Yuzhnyi Bug River, Khmel’nitskii Town 3.9-9.1 43-77 2.1-7.3 4.0-10.2
6.0+£3.6 5.842.3 3.9+2.4 5.943.3
Seret River, upstream of Ternopol’ reservoir 2.3-6.7 3.8-74 1.6-4.3 3.2-6.1
4.6+£0.9 4.2+1.5 3.1+1.2 5.0£0.8
Seret River, downstream of Ternopol’ reservoir 4.2-17.7 4.2-9.0 = =
6.1+0.8 5.9+1.2
Kanev Reservoir, upper reaches 4.3-10.9 3.8-10.4 -2 -2
7.0£2.1 7.242.1
Kanev Reservoir, Desenka branch 4.0-9.2 5.1-11.2 2.0-9.2 5.0-9.6
7.0+£2.9 6.8+1.2 5.842.3 7.542.8
Ternopol” Reservoir, upper reaches 3.3-10.5 3.3-10.8 2.0-7.1 4.0-11.8
6.0£2.7 5.9+2.6 3.842.1 6.5+5.2
Ternopol’ Reservoir, near the dam 3.3-83 4.7-8.3 = =
6.1+£2.8 6.5+1.7
Upper Kitaevo pond, Kiev 3.3-9.7 4.0-8.3 1.9-7.7 4.0-7.6
5.3£1.5 5.4+1.0 3.242.1 5.5+1.9
Danube River, delta; May of 2012 12.2 35 7.5 8.3
Danube River, Vilkovo town; November of 2012 7.2 42 -2 8
Gornyi Tikich, Chernaya Kamenka village; 10.2 4.1 6.9 83
September of 2012
Gornyi Tikich, Chernaya Kamenka village, 6.4 3.8 = =
October of 2012
Gornyi Tikich, Chernaya Kamenka village, 10.1 5.6 8.6 6.2
November of 2012

# No measurements were taken.

tion and the average molecular weight of humic sub-
stances in natural surface waters will differ from each
other when different detection techniques, including the
spectrophotometric and fluorescence methods, are
applied due to the reasons described above. The authors
of reviews [16, 29] have already brought this fact into
view. This should be taken into account when a
comparative assessment of the average molecular
weight of humic substances in water objects located in

different regions is performed and special attention
should be paid to the method of their detection.

The results of studies of the average molecular
weight of humic and fulvic acids demonstrated that for
humic acids M,, values were almost always higher than
M,, values for fulvic acids (Table 4). In some cases, there
was little difference between them according to
spectrophotometric measurements; in other cases this
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Table 4. Weight average molecular weight (M,,) of humic and fulvic acids, extracted from studied water objects

Objects of research

Lyutsimir Lake; 16.02.2011
Desna River, mouth; 09.02.2012
Kanev Reservoir, Desenka branch; 02.11.2011

Kanev Reservoir, Rzhishchev town; 27.01.13

Ternopol” Reservoir, lower reaches; 16.10.2012

Danube River, Kiliya branch, Vilkovo town; 14.11.2012

Gornyi Tikich, Chernaya Kamenka village; 30.09.2012
Upper Kitaevo pond, Kiev City; 24.06.2012
Lososinka River, Petrozavodsk Town (Russia); 13.09.2012

Spectrophotometric method Fluorescence method
M,,, kDa M,,, kDa
Humic acids Fulvic acids Humic acids Fulvic acids
10.6 4.2 43 3.1
6.9 7.0 5.8 5.4
8.1 7.3 4.0 4.0
10.5 5.5 43 3.6
9.3 4.1 = =
8.9 2.5 = =
8.3 2.7 2.7 2.0
12.2 4.8 = =
11.9 1.8 43 0.9

* No measurements were taken.

Table 5. Weight average molecular weight (M,,) of humic and fulvic acids, extracted from natural surface waters of other

regions
M, kDa
Sources of humic substances References
Humic acids Fulvic acids
Natural surface waters in general 7.0-15.1* [12]
Moskva River source - 2.4-4.5 [37]
Lake waters of Norway 18.5-28.9 4.7-16.7 [38]
River and lake waters of Japan = 0.9-2.1 [39]
Swamp and lake waters of Canada = 2.0-2.3 [40]
Suwannee River® 3.3-3.7 2.1-2.6 [16, 29]

* Weight average molecular weight of humic and fulvic acids taken together. ® THSS standard (International Humic Substances Society).

¢ No corresponding data available.

difference was quite significant. It is characteristic both
for humic and fulvic acids that M, varies in a wide
range of values (6.9-12.2 and 1.8-7.3 kDa, respec-
tively). The fact that draws attention is that M, of
fulvic acids in the studied water objects turned out to
be rather high. Therefore, it can be assumed that as-
sociates of fulvic acids were studied. It is often believed
that these compounds have comparatively low molecular
weight values. Apparently, the value of M,, for humic
substances in general and for fulvic acids in particular
is greatly influenced by their source of origin,
concentration in the water of one or another object, and
the method of detection.

The degree of concentration in the process of
sorption of humic substances in a column with DEAE
cellulose also affects the value of M,. In case this
parameter increases, M,, of humic substances also rises,
which we have found out in the course of research.
Therefore, in our opinion, the degree of concentration
of humic substances should not exceed 10—12 times for
high-color water (50—-100 and more degrees of the
simulating Cr-Co-scale) and 4050 times for low-color
water (10°—15° of Cr-Co-scale).

Below we provide the data on the weight average
molecular weight of humic and fulvic acids, extracted
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Fig. 7. Weight average molecular weight (,,) of humic substances extracted from the Kanev Reservoir upper reaches (a), Desna
River mouth (b), and Yuzhnyi Bug upper reaches (c) in different seasons of 2011-2013 (according to spectrophotometric

from surface waters of other regions (Table 5), for
comparison. As can be seen from these data, the range
of M, for both humic and fulvic acids is rather wide
and the results we have obtained are inside the
boundaries of this range. The degree of polydispersity
is also characterized by different values. For example,
for humic substances from Norwegian Lake waters that
were not separated into fractions this parameter ranged
from 2.5 to 9.0 and was somewhat narrower for the
extracted fractions of humic and fulvic acids (2.6-4.3
and 1.5-1.7, respectively). Therefore, the procedure of
fractionation of humic substances into humic and fulvic
acids results in a decrease in the degree of
polydispersity, which has been previously mentioned
by L[.V. Perminova [12]. Apparently, there is breaking
of bonds in high-molecular associates of humic
substances, resulting in the dominance of compounds

characterized by lower molecular weight values that are
close in magnitude.

The data on average molecular weight seem
important for comparative assessment of humic
substances in water bodies and streams of different
regions with regard to this parameter. However, in our
opinion, they give little information in terms of
assessing bioavailability of these organic compounds, as
it is known that only compounds with -certain
molecular weight can penetrate biological membranes,
which has been described above. From the ecological
point of view, it is much more useful to possess
information about the molecular-weight distribution of
humic substances, which makes it possible to evaluate
the part of these compounds which is most likely to be
potentially digestible for hydrobionts.
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Fig. 8. Ratio of humic substances fractions with different molecular weight (HS, %) in water of the Kanev Reservoir upper
reaches (a), Desna River mouth (b), and Yuzhnyi Bug River upper reaches (c¢) in 2011-2013. Roman numerals stand for

corresponding months: (a) of 2012-2013, (b) and (c) of 2011-2012.

We found out that there were seasonal changes in
M, values for humic substances. It turned out that in
summer they were often lower than in autumn and
winter (Fig. 7). Definitely, there are different reasons
for this phenomenon. In particular, a noticeable growth
in concentrations of humic substances in the water can
be one of the factors causing an increase in their
molecular weight due to intermolecular interactions
resulting in aggregation of macromolecules [41]. The
manifestation of this so-called “concentration effect”
should be expected, first of all, in the presence of high-
color water with an increased content of humic
substances. Therefore, one of the many different
reasons for seasonal changes in the average molecular
weight of humic substances that is worth the greatest
attention is their transformation under the influence of
UV light of solar radiation and microbiological activity
in water objects, and it should be taken into account
that the intensity of these processes reaches its
maximum in summer. As a result, a part of high-
molecular substances decompose to form compounds
with lower molecular weight [10, 42—45]. Apparently,
it is these compounds that prevail in this season of the
year; although, they are the most digestible for
hydrobionts. More expressed fluorescence intensity of
fulvic acids as compared to humic acids [10] is most
likely to be related to differences in their molecular
weight as well.

The results of studies of seasonal changes in the
molecular-weight distribution of humic substances
(Fig. 8) also testify to that. It can be seen that the
relative content of the high-molecular fraction (20.0-
5.0 kDa) gradually increases from spring to autumn,
which also affects the average molecular weight of
humic substances, which eventually increases as well

(Fig. 7). In autumn the intensity of photodegradation
and microbial degradation of humic substances
decreases, which results in accumulation of
compounds with higher molecular weight. Apparently,
with a decay of biological processes in the water object
there is also a decrease in assimilation of humic
substances by aquatic organisms.

CONCLUSIONS

Therefore, the content of humic substances in
natural surface waters of the Ukraine is characterized
by quite a wide range of values, which is caused, in the
first place, by different sources of their formation.
Maximal concentrations of these natural organic
compounds are characteristic for water objects of the
Ukrainian Poles’e, which is related to the high
percentage of wetlands in this region. As we move
from the north to the south, the content of humic
substances significantly decreases. The cascade of the
Dnieper reservoirs can serve as a good example of this
phenomenon. In The Kakhovka Reservoir, closing the
cascade, the concentration of humic substances is
almost thrice as low as in the Kiev Reservoir, which is
at the head of the cascade, receiving high-color waters
from the inflowing rivers, in particular, the Pripyat’
River. In river waters of the forest-steppe and steppe
zones the average content of humic substances does
not exceed 4.0-8.5 mg L.

The concentration of humic substances undergoes
seasonal changes. Thus, in rivers of the Pripyat’ River
basin and in the upstream Dnieper Reservoirs maximal
concentrations are, as a rule, associated with the spring
flooding period. In the downstream Dnieper reservoirs
an increase in the content of humic substances most
often takes place in summer, which is related to the
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long travel time of water with increased concentrations
of these compounds from the upstream reservoirs. In
small rivers and water bodies an increase in the
concentration of humic substances is observed in
summer and autumn, which is associated not only with
allochthonous, but also with autochtonous humic
substances. The prevailing fraction in the composition
of humic substances is represented by fulvic acids and
reaches 80.8-94.8% of the total content.

There are differences in the ratio of humic
substances with different molecular weight depending
on the methods of their detection. The results of
spectrophotometric measurements of concentrations of
humic substances in fractions after gel-chromato-
graphic separation demonstrate that high-molecular
compounds (molecular weight >5.0 kDa) prevail and
their share is 43.6-59.6%. At the same time, the results
of fluorescence measurements indicate the dominance
of compounds with lower molecular weight, which
does not exceed 2.0 kDa, in the composition of humic
substances. The share of these compounds reaches
46.2-70.0%, including 38.447.0% of compounds
with molecular weight <1.0 kDa. This difference in the
ratio of fractions of humic substances is related to their
fluorescence properties. The fluorescence intensity of
fractions with lower molecular weight is higher as
compared to high-molecular fractions.

Calculated data on the weight average molecular
weight (M,,) of humic substances also vary depending
on the method of their detection. When we take into
account the average M,, values for humic substances in
each of the studied objects, this parameter turns out to
be approximately 1.5-fold higher in case of spectro-
photometric measurements as compared to fluore-
scence measurements.

There are significant changes in the value of M,, in
the seasonal aspect. As a rule, in spring and summer
this value is lower than in autumn. The reasons for this
phenomenon are mostly related to the processes of
degradation of humic substances under the influence of
UV light of solar radiation and microbiological
activity, which become more active in the summer
season. These processes cause degradation of high-
molecular fractions of humic substances, in the first
place, and their transformation into fractions with
lower molecular weight. In autumn the intensity of
these processes slows down significantly, which
results in an increase in the weight average molecular
weight of humic substances.
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From the ecological point of view, data on the
molecular-weight distribution of humic substances
seem very important, as they make it possible to
evaluate the content of compounds that are potentially
digestible by hydrobionts in the composition of humic
substances. Such compounds include substances with a
relatively low molecular weight, which, according to
different estimates, does not exceed 2.0-5.0 kDa.
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