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Abstract

The complexing properties of humic substances are of primary importance for their
application as detoxifying agents and microfertilizers. The promising approach for
enhancing solubility of metal-humics complexes is incorporation of SO;H-groups into
the structure of humics. The water soluble sulphonated humic materials can be used as
flushing agents for heavy metal polluted sites and as chelating agents for production of
microfertilizers. The objectives of this study were: 1) to synthesize sulphonated humic
materials; 2) to evaluate solubility and stability of their complexes with Fe(IIl) and
Hg(II); 3) to assess potential toxicity and detoxifying properties of the sulphoderivatives
with respect to Hg(Il) and Cu(Il). Humic acids (HA) from leonardite and peat were used
for modification. Concentrated sulphuric acid and chlorosulphonic acid were used as
sulphonating agents. Chlorosulphonic acid was found to be much more efficient
sulphonating agent causing introduction of 1.6 and 0.4 mmol SO;H per g of humic
material from leonardite and peat, respectively. The binding properties of the
sulphonated HA were studied in relation to Hg(Il) and Fe(IlI). The solubility of metal-
humic complexes was estimated as an amount of strong metal-binding sites (SBS) in the
humic material. The sulphonated materials were characterized by twofold increase in the
amount of SBS: 2-4 mmol/g versus 1-2 mmol/g in the parent material. Stability
constants were determined using the ligand exchange technique. For Hg(Il) complexes,
the log K values accounted for 13.1 and 12.4 L/mol SBS for leonardite HA and their
sulphoderivative, respectively. For Fe(Ill) complexes, the log K values accounted for
12.0 and 11.5 for the parent and chlorsulphonated coal HA, respectively, and 12.4 and
11.4 — for the parent and chlorsulphonated peat HA. Assessment of the toxicity of the
obtained derivatives and of their detoxifying properties was performed using algological
tests. The sulphoderivatives did not exhibit adverse effects onto algae. Both parent and
sulphonated humic materials displayed high detoxifying properties with respect to
Hg(IT) and Cu(Il), leonardite HA were more effective than peat HA. The obtained
results allow to consider sulphonation as a promising tool for obtaining soluble metal-
HA complexes.
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1. Introduction

The presence of a wide range of functional groups (carboxylic, hydroxylic, carbonylic)
in the structure of humic substances (HS) provides their ability to form the complexes
with metals [1]. As a result, HS play a key role in both migration of metals and their
uptake by higher plants. Of particular importance is, that the properties of metal
complexes of HS depend greatly on the content of functional groups and on the
molecular weight of humics. So, the lower molecular weight (MW) fraction of HS —
fulvic acids (FA) enriched with oxygen containing functional groups produce soluble
metal complexes of much higher mobility and bioavailability than those of humic acids
(HA). The latter is higher MW fraction of HS enriched with the condensed aromatic
structures. Given the above properties of metal complexes of HA and FA, G.M. Varshal
and co-workers distinguished greatly the geochemical roles of HA and FA in metal
migration characterizing the former as “accumulators” or “immobilisers” of metals in
the environment, whereas the latter as “scatters or dissipaters” of metals [2].

It has been numerously discussed in the literature, that HS application for the
pollution control has a significant potential [3]. They can be effectively used as natural,
cheap and regenerative ion-exchangers for cleaning-up waste waters and gases [4]. The
complexing properties of HS determine their potential to be used as detoxifying agents
and microfertilizers. Even though the available supply of raw humic materials is
enormous, two fundamental reasons can be cited as to why HS have not been widely
used for the above applications. First, few natural HS possess the specific reactive
properties required to form highly mobile and soluble metal complexes. Second, HS are
by definition polydispersive and heterogeneous; consequently, the reactive properties
vary between natural sources and between industrial suppliers. The presented research
has addressed both problems using a novel approach of using chemical modification for
designing humic materials with specific properties. Previous investigations involving HS
modifications (hydrolytical cleavage, oxidation, methylation, acetylation, silylation, and
others) were focused on an understanding of HS structure [5, 6, 7, 8], or bioavailability
[9], not to enhance or change reactive properties of HS. Sulfonation was used as a
promising way of producing highly soluble HS enriched with functional groups.

Sulphonation (introduction of -SOs;H group) is a well-known technique of chemical
modification of organic materials [10]. Sulphonated organic materials are applied as
drilling fluids [11]. The sulphonating agents that are widely used are chlorosulphonic
acid, concentrated sulphuric acid and sulphur trioxide [12, 13, 14]. Previously, coals
have been directly sulphonated using sulphuric acid, to introduce sulphonic groups, but
the sulphonated products were not water-soluble and could not be dissolved, purified
and otherwise treated as an organic chemical [15]. They have usually found application
as ion exchange materials. Water-soluble humic acids were previously obtained by
various oxidation treatments of humic materials [16] and some coals [17, 18] but far-
reaching molecular breakdown has always accompanied the oxidation, and the water-
soluble products were, therefore, extensively degraded materials [19]. A number of
agents such as chlorsulphonic acids or sulphur trioxide solution in pyridine allow to
introduce sulphuric groups without significant oxidation or degradation of treated humic
acids [20]. Another technique of synthesis of water-soluble sulphoderivatives of HS is
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based on reaction with a sulphonating agents like sulphite or bisulphite precursors which
form a sulphite or bisulphite in sifu, in alkaline medium and recovering a water-soluble
product from the reaction medium. Sulphomethylation was also reported as the method
of solubilization of water-insoluble humic acids [10]. The synthesis of sulphoderivatives
of HA is of particular interest because they can be used as drilling mud thinners, soil
conditioners, and tanning agents [12] and also in various flushing technologies [21].

The objectives of this study were: 1) to synthesize sulphonated humic materials; 2) to
evaluate solubility and stability of their complexes with Fe(Ill) and Hg(Il); 3) to assess
potential toxicity and detoxifying properties of the sulphoderivatives with respect to
Hg(II) and Cu(II).

2. Experimental Section
2.1. MATERIALS AND METHODS

Humic materials used were isolated from highland peat (Sk3-00, Sakhtysh Lake,
Ivanovo Region, Russia) and leonardite — oxidized coal, kindly provided by Humintech
Ltd. (Duesseldorf, Germany). Isolation procedure included a preliminary treatment of a
peat sample with ethanol-benzene (1:1) mixture followed up by an alkaline (0.1 M
NaOH) extraction as described elsewhere [22], leonardite was treated with 0.1 M
NaOH. The obtained alkaline extract was acidified to pH 1 using concentrated HCI. The
precipitated HA were centrifuged, washed out with distilled water and dialysed. A set of
the parent and modified samples is described in Table 1.

Table 1. Set of parent and modified humic materials under study.

Sample Description
CHA-Leo Leonardite HA
CHA-S Leonardite HA, sulphonated with H,SO,
CHA-CIS Leonardite HA, sulphonated with CIHSO3
PHA-Sk300 Peat HA
PHA-S Peat HA, sulphonated with H,SO,
PHA-CIS Peat HA, sulphonated with CIHSO;

Sulphonation of humic acids with concentrated H,SO, A weight of 100 g of humic
acids was wetted with water until paste-like state and then it was added dropwise with
400 ml concentrated H,SO, The obtained mixture was stirred during 2 hours using
mechanical stirrer. When reaction was completed, the mixture was poured into 4 litres of
distilled water, stirred, and left for 10 hours. The supernatant was discarded, and the
precipitate was purified by dialysis and dried out for the further analytical studies.
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Sulphonation of humic acids with chlorosulphonic acid. A weight of 100 g of humic

acids was dried over P,0s, placed into 500 ml beaker, cooled in the ice bath and then
was added with 200 ml of cooled CISOsH by small portions with permanent stirring
during 6 hours. When the reaction was completed, the mixture was poured into 4 L of
iced distilled water to hydrolyse the rest of chlorosulphonic acid, and the obtained
solution was left for 10 hours. Then, the supernatant was discarded, and the precipitate
was washed out with water 4 times until the supernatant solution gave negative reactions
to BaCl, and AgNOs;. The obtained precipitate of the sulphonated humic acids was
further purified using dialysis and then dried.
Determination of the content of strong acidic groups (COOH and SO;H). Ca acetate
method was used to determine the content of strong acid groups in the humic samples as
described in [23]. For this purpose, an aliquot of HS solution (5-10 mL) containing 5-20
mg HS was transferred into a vial (~ 22 mL), and 10 mL of 0.6 M Ca(CH;COQ), was
added. The vial was tightly sealed, shaken well and left for equilibration for 24 hours at
room temperature. An aliquot of supernatant above the precipitate of Ca humates was
transferred into titration cell and titrated with NaOH standard solution (~0.05 M) using
autotitrator (Metrohm 716 DMS Titrino). Acidity of the samples (A, mmol/g) was
calculated as follows:

A= Vs — I;;) " CnaoH )

where Vyg and V) are the volumes of NaOH used for titration of the HS solution and the
blank solution containing same amount of Ca(CH3COO),, L, Cn.on — concentration of
NaOH, mM, m — a weight of HS sample, g. 4 has dimensional units of mmol/g.
Determination of the stability constants of iron humates. Stability constants of the
iron(IlT) complexes with parent and sulphonated HA were determined using ligand
exchange technique with photometric detection. Tartrate was used as a competitive
ligand. The method is based on detecting the difference in the optical density of HA and
of their Fe(Ill) complexes. Two types of titrations of HS (0.5 g/L) by Fe;(SOy4); (10 mM
Fe) solution were conducted: (1) in the presence of 0.024 M tartrate buffer (pH 4.37);
and (2) in the absence of the buffer, but in the presence of 0.048M KNO; used to
maintain the same ionic strength as in the buffer containing solution. During titration of
the latter solution, pH was kept at 4.37+0.1 by adding 0.05 M NaOH. After each
addition of Fe®" and NaOH, optical density was measured at 650 nm using Metrohm 662
Photometer (Switzerland) equipped with a submersible optical cell (1 cm optical path).
Solution of Fey(SOy4); containing 10 mM Fe was prepared in 0.01M H,SO,. 0.4 M
tartrate buffer was prepared by dissolving 6 g of C;HgOg4 in 50 ml of water, adding it
with 1 M NaOH to adjust pH to 4.37, and then making it up to 100 mL with distilled
water. At pH 4.37, tartrate exits as a 1:1 mixture of divalent and monovalent anions.
Determination of the content of strong metal-binding sites. To determine the content
of strong iron-binding sites in parent and sulphonated humic materials, 0.8 M Fe,(SO,);
was added to 0.25 g/l solution of HA until the beginning of precipitation (pH was
maintained at 4.37+0.1 using NaOH). The concentration of iron causing the precipitate
formation was assumed to be equal to the concentration of strong iron-binding sites in
the HA solution. The content of strong mercury-binding sites was determined similarly,
using 0.1 M Hg(NO;), and maintaining pH at 6.68+0.1. To obtain a numerical value of
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the content of strong metal-binding sites in the humic materials, the metal concentration
causing HA precipitation (mmol/L) was normalized to the mass concentration of HS in
the solution (g/L) yielding dimensional units of mmol Me/g HA.

Determination of the stability constants of mercury humates. Stability constants of
Hg(I) complexes of the parent and modified HA were determined using ligand
exchange technique with photometric detection similar to the described above for
Fe(III). Chloride was used as a competitive ligand. The HA solutions (0.3 g/L) were
titrated photometrically at 650 nm by 0.01M Hg(NO;), (1) in the presence of 0.01 M
NaCl; and (2) in the absence of NaCl, but in the presence of 0.01 M KNO; used to
maintain the same ionic strength as in case of chloride. In both experiments, pH was
adjusted to 6.2 using NaOH or HNO;. During titration, pH was maintained at 6.2+0.1 by
adding 0.05 M NaOH. To maintain the constant concentration of Cl in the reacting
systems during titrations in the presence of NaCl, solutions of both NaOH and HgCl,
contained 0.01M NaCl. Hg(NOs;), solution was prepared by dissolving a weight of HgO
in minimal amount of concentrated HNOj.

Acute toxicity tests. Humic materials tested were CHA-Leo, CHA-CIS, PHA-Sk300
and PHA-CIS. HA solutions had concentration in the range of 0.5-20 mg/L. Hg(Il) and
Cu(IT) were used as model heavy metals. Acute toxicity tests were performed according
to [24]. Green unicellular algae Chlorella pyrenoidosa was used as a biotarget,
photosynthetic activity — as a response. Chlorella pyrenoidosa (thermophilic strain
CALU-175 from the collection of the Biology Institute, Saint-Petersburg State
University, Russia) was grown in 1/5 Tamiya medium (pH 6.8) [25] at 32°C, under 60
pmol photons m s continuous irradiance and bubbling with moisturized air. The
culture was maintained in log growth phase by daily dilution with fresh medium to
maintain a cell density of about 1-10-10° cells'ml™". For the bioassays, the algae was
concentrated by centrifugation and resuspended to a final concentration of 5-
7-10° cells'mL " in the 1/10 Tamiya medium without phosphates and EDTA.

After three hours of growth, photosynthetic activity of algae was measured. For this
purpose, the algae was adapted to darkness for 30 s. Chlorophyll fluorescence induction
was recorded for 300 s using a lab-made fluorometer. F, was estimated from the value of
fluorescence detected immediately after opening of the shutter. F,, was calculated by
averaging the values of the last 50 points of the fluorescence induction curve.
Photosynthetic activity (R) was calculated as a relative yield of the variable fluorescence
using following expression:

F F —-F
R="Lr ==l @
Fm Fm

where F,, Fy,, and F, are intensity of variable, maximum and background chlorophyll
fluorescence, respectively. Three replicates were made for each experimental point.

The toxicity of model heavy metals was tested in the range of concentrations of (0.4-
3)-10° and (0.3-2.6)-10° M for HgCl, and CuSO,, respectively. The corresponding
dose-response relationship fits satisfactorily with the linear model. The slope &
(mean+SD, n = 3) was (0.35+0.03)-10°® and (0,25+0.04):10° M for Hg (II) and Cu
(IT), respectively. The corresponding r* were 0.86 and 0.78. The effective concentrations
causing 50% reduction in the photosynthetic activity of algae (ECsy) were 1.2 and
1.5:10° M for Hg (II) and Cu (II), respectively.



490

The above concentrations were used in the experiments on studies of detoxifying
properties of the humic materials. Concentration of humic materials in the solution was
in the range of 0.5-4 mg/L and 0.5-20 mg/L for Hg(Il) and Cu(II), respectively. Each
experimental series included four types of test solutions: control, HA, heavy metal, and
heavy metal + HA. The corresponding responses were designated as Ry, Ry, Rya and
Rye+na. They were used to calculate detoxification coefficient (relative decrease in
heavy metal toxicity in the presence of HA) as described in [26]:

D= Tye _TTMeJrHA 3)
Me

where Ty, and Tyena are toxicities of the heavy metal solution in the absence and
presence of HA, respectively.
The toxicity values can be calculated using the following expressions:

R,—R
T, =0 M @)
RO
R, —R
TMe+HA — HA R Me+HA (5)
HA

where Ry, Rya, Rve, and Rye11a 1S photosynthetic activity of algae in the control, in the
humic material solution, and in heavy metal solution in the absence and presence of HA»
respectively.

3. Results and discussion

3.1. SYNTHESIS AND STRUCTURAL ANALYSIS OF THE SULPHONATED
HUMIC MATERIALS

HA samples from leonardite — highly oxidized coal, and peat were selected for
modification. They were chosen as representatives of the humics isolated from the raw
materials of the greatest industrial value. Leonardite HA are enriched with aromatic
fragments, whereas peat HA are enriched with carbohydratic units. It was expected that
introduction of sulphonic groups will increase water-solubility of both HA and their
complexes with metals [27].

The sulphonated humic materials obtained with a use of both sulphuric and
chlorosulphonic acid were amorphous powders of the dark brown colour. The samples
treated with chlorosulphonic acid (CHA-CIS and PHA-CIS) were much more soluble in
water than those treated with sulphuric acid. Their solubility laid in the range of 100-
130 g/L. It could be indicative of a higher sulphonation efficiency of chlorosulphonic
acid compared to that of concentrated sulphuric acid.

Elemental composition of the parent and sulphonated humic materials is given in
Table 2.

The parameters of major interest were S content and C/S ratio which can serve as
indicators of the sulphonation efficiency. As it can be seen, for the initial samples and
for the derivatives treated with concentrated sulphuric acid, C/S ratio is very similar
(CHA-Leo — 256, CHA-S — 196 and PHA — 265, PHA-S — 210). This indicates that the
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sulphuric-acid treatment did not lead to an increase in the content of sulphur, hence,
sulphonation had not occurred. At the same time, for the derivatives treated with
chlorosulphonic acid, the C/S ratio was substantially less compared to the parent
materials, and accounted for 30 and 43 for CHA-CIS and PHA-CIS, respectively. This
shows much higher efficiency of chlorsulphonic acid as sulphonating agent of the humic
materials compared to sulphuric acid.

Table 2. Elemental composition of the parent and sulphonated humic materials on
ash-free basis.

Humic Content of elements, % mass. Ash Atomic ratio
material H N S O % C/S HC O0[C
CHA-Leo 564 4.10 1.23 0.59 376 7.78 256 0.87 0.50
CHA-S 62.5 4.12 1.07 0.56 317 428 29 079 0.38
CHA-CIS 585 3.58 1.31 512 315 585 30 074 040
PHA-Sk300 48.7 4.65 327 049 429 328 265 1.15 0.66
PHA-S 622 523 2.72 0.79 29.1 206 210 1.01 035
PHA-CIS 469 3.03 366 293 435 214 43 078 0.70

Efficiency of sulphonation was also estimated via determination of the content of
strong acidic groups using the Ca-acetate technique. The latter determines all acidic
groups present in humic material that have dissociation constant < 4.76 (pK, of acetic
acid). In case of the sulphonated humic materials, the pool of strong acidic groups is
composed of carboxylic groups of the parent material and of the introduced sulphonic
groups. Hence, an increase in the content of the strong acidic group could serve as
another parameter of sulphonation efficiency. The corresponding data of the Ca-acetate
determinations are given in Table 3.

Table 3. The content of strong acidic groups in the humic materials used in this

study.
Sample COOH + SO;H, mmol/g ASO;H, mmol/g
CHA-Leo 2.9+£0.5%* -
CHA-S 3.31£0.2 0.4
CHA-CIS 4.540.1 1.6
PHA-Sk300 3.310.1 -
PHA-S 2.1+0.1 -
PHA-CIS 3.7£0.2 0.4

* + stands for a one standard deviation (n = 3).
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The titration data show that similar to C/S ratio, the amount of strong acid groups has
substantially increased after sulphonation with chlorsulphonic acid (1.6 and 0.4 mmol/g
for CHA-CIS and PHA-CIS, respectively), and to much lesser extent — after
sulphonation with sulphuric acid. Of particular importance is that the derivatives
obtained by the treatment with chlorosulphonic acid were completely soluble in water
(up to 100-130 g/L), whereas those treated with sulphuric acid were not soluble.

3.2. METAL-BINDING PROPERTIES OF THE SULPHONATED HUMIC
MATERIALS

The metal-binding properties of the sulphonated peat and leonardite HA were studied
using Hg(II) and Fe(III) as model metals. It was of particular importance to answer the
following questions: 1) how does sulphonation influence solubility and stability of the
metal-complexes; and 2) how do these changes influence detoxifying properties of HA.
The enhanced solubility of HA complexes with nutritional metals would contribute
greatly in their quality as microfertilizers. At the same time, sulphonation could cause a
decrease in stability constants of those complexes. Therefore, interaction of parent and
sulphonated humic materials should be investigated to estimate an influence of
sulphonation on both complexation parameters of interest: on the content of strong
binding sites determining the solubility of HS and on the stability constants. Iron was
chosen as a nutrition metal, and mercury — as a model toxic metal.

To quantitate solubility of the metal complexes of the sulphonated humic materials,
the HA solutions were titrated with the corresponding metal until the beginning of the
precipitate formation. It was assumed that the metal-HA complex remains in solution
until strong binding sites are not saturated with metal; once these sites are saturated, the
complex precipitates. This allowed us to consider the metal:HS ratio (mol/g) of the
beginning of precipitation as a quantitative estimate of the content of strong binding
sites (SBS). The obtained results are presented in Table 4.

Table 4. Content of strong metal-binding sites in the parent and sulphonated
humic materials.

Sample Amount of Amount of
Fe(I1)-SBS, mmol/g Hg(I1)-SBS, mmol/g

CHA-Leo 32 2.2
CHA-S 2.8 n.d.
CHA-CIS 34 4.5
PHA-Sk300 0.9 n.d.
PHA-S 1.5 n.d.
PHA-CIS 1.9 n.d.

The obtained contents of SBS for Fe(III) and Hg(I) are quite similar and lay in the
same range of values as total amount of strong acidic groups determined by Ca-acetate
technique (Table 3). It should be noted that much higher content of SBS is observed in
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the coal humic material compared to peat. In case of peat HA, sulphonation with
chlorosulphonic acid leads to twofold increase in the amount of SBS. Hence,
introduction of the sulphonic groups into humic materials increases the solubility of
complexes as a result of an increase in the amount of SBS.

Stability constants of Fe(IIl) and Hg(IT) complexes with the parent and sulphonated
materials were determined using the ligand exchange technique with spectrophotometric
detection. Tartrate-ion was used as a competitive ligand for Fe(III) and chloride-ion - for
Hg(Il). The determination is based on different absorptive properties of the humic
material and of its metal-complexes: the complexes absorb light stronger. Hence, adding
Me to HA solution increases its optical density. If competitive ligand is added to HA
solution that forms non-absorbing complexes with metal, an increase in optical density
of HA solution upon addition of metal will be much less. The results of Fe(IIl)-titration
of HA solution with and without competitive ligand (tartrate) are shown in Fig. 1.
Concentration of the competitive ligand was selected in such a manner to assure
existence of only one predominant metal species in the solution. For iron, it was tartrate
complex 1:2, and for mercury — HgCl,. These species do not adsorb light at 650 nm. As
it can be seen, the shown titration curve in the presence of tartrate (Fig. 1) has much
lesser slope than in the absence of tartrate.

1651 p (corrected)
1.6

1.55
1.5
1.45
14
1.35
1.3
1.25

1.2 4 ‘ ‘ ‘
0 005 01 015 02 025 03

C(Fe), mM

Figure 1. Photometric titration of PHA-Sk300 (0.548 g/L) by 10 mM Fe’ in the
presence (open) and absence (closed) of tartrate buffer (0.024 M, pH 4.37) at
650 nm.

The given plots can be used to calculate the stability constant of metal(M)-HA
complex K(MHA) by the following expression:

log K(MHA) = (88—011— 1) cc(;gs)) B(ML.) (6)

where the terms €l and gl are proportional to molar absorptivity of the MHA and ML
complexes, respectively, and can be determined from the slope of titration curve as it is
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shown in Fig. 1, C(L) and C(SBS) are the total concentrations of competitive ligand (L)
and of metal-binding sites (SBS) in HA solution, § (ML,) is the stability constant of the
corresponding predominant complex.

For calculating a value of stability constant of MHA complexes using equation (6),
the value of logB(HgCl,) was put equal to 13.4. It was obtained by averaging the
reported data from [28] with follow up correction to the ionic strength of 0.048M using
Davies equation [29]. The value of logP(Fe(tartrate), ) was put equal to 10.5 as given in
[30] without corrections. The stability constant values were also recalculated into
dimensional units of L per g of HS using mass concentration of HS instead of molar
concentration of metal binding sites. The obtained results are given in Table 5.

Table 5. Stability constants of the Fe(Ill)- and Hg(II)-complexes with the parent
and sulphonated humic materials.

Log K, Fe(III) Log K, Hg(I)
Sample
L/mol SBS L/g HA L/mol SBS L/g HA
CHA-Leo 12.0 9.5 13.1 10.4
CHL-S 11.3 8.8 - -
CHL-CIS 11.5 9.0 12.4 10.1
PHA-Sk300 12.4 9.4 - -
PHS-S 12.2 9.4 - -
PHS-CIS 11.4 8.7 - -

The found values of stability constants of Fe(Ill)-complexes with the parent humic
materials are in good agreement with the reported results for fulvic acids: log K = 11.5-
14.0 L/mol BS [31]. The values of stability constants of mercury complexes are close to
those reported in [32] for aquatic fulvic acids (log K = 11 L/mol BS). As it can be seen,
the sulphonated humic materials have slightly weaker binding affinity for both metals
studied (Fe(Il) and Hg(Il)) compared to the parent humic materials. This is true for
both coal and peat HA. The given decrease in stability constant for coal HA did not
exceed half an order of magnitude, and for peat HA — an order of magnitude. Hence,
sulphonated humic derivatives still possess high binding affinity for metals.

3.3. TOXICITY ASSESSMENT OF THE SULPHONATED HUMIC MATERIALS
AND THEIR DETOXIFYING PROPERTIES WITH RESPECT TO HG(II) AND
cu(

To assess toxicity of the sulphonated humic materials from coal and peat (CHA-CIS and
PHA-CIS, respectively), acute toxicity tests were used. Microalga Chlorella
pyrenoidosa was used as a test organism, its photosynthetic activity (R) — as a response.
A range of the tested concentrations of humic materials was 0.5-20 mg/L. The dose-
response relationship for the parent and sulphonated humic materials are shown in
Fig. 2.
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Figure 2. The relationships of the photosynthetic activity of Clorella pyrenoidosa
versus concentration of humic acids (HA). Bars represent = 1 SD (n = 3).

As it can be seen, a ratio of the fluorescence intensity of the HA solutions to control
(R) varied in the range of 0.91-1.12 indicating a lack of either stimulation or inhibition
effect of HS on the photosynthetic activity of Chlorella. The obtained results — a lack of
the significant direct effects of HS onto Chlorella are in line with our previous
investigations [33]. Of particular importance is that sulphonation did not lead to an
increase in toxicity of the humic materials.

Acute toxicity tests conducted with the cultivation media containing model toxic
metals — Hg(II) and Cu(Il) in the absence and presence of the humic materials allowed
us to estimate changes in detoxifying properties of humic materials as a result of their
sulphonation. The corresponding data are shown in Figs. 3a, b as the relationships of
detoxification coefficient D versus HA concentration.

It can be seen that the detoxification effects of the sulphonated humic materials are
slightly weaker compared to those of the parent materials. A decrease in detoxifying
effect is much bigger for Cu(Il) than for Hg(II), and among the humic preparations it is
more distinct for peat HA compared to coal HA. These observations are confirmed by
the statistical analysis. So, covariance analysis shows that in case of Hg (II),
detoxification curves are significantly different for PHA and PHA-CIS: F=10.30 at
p =0.003, where F — Fisher criterion, p — confidence level. At the same time, there is no
significant difference between detoxifying properties of the parent and sulphonated coal
HA (F =3.21, p = 0.08). In case of Cu (II), detoxification properties of the sulphonated
HA were significantly weaker both for peat (F = 16.55, p < 0.001) and coal HA
(F=13.30,p=0.001).

The lower detoxifying efficiency of the sulphonated HA compared to the parent
materials corroborates well the data on metal-binding properties of the sulphonated HA
with respect to Fe(IIl) and Hg(II). So, as it follows from Table 5, sulphonation causes a
decrease in binding affinity of HA for both metals. At the same time, a decrease in the
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stability constant of sulphonated peat HA is much larger than for the sulphonated
leonardite HA. This is consistent with the tendency observed in detoxifying properties of
the sulphonated materials: PHA-CIS exhibits substantially weaker detoxifying effects
compared to PHA-Sk300 and CHA-CIS.

, %
1207 Hg(ll)

100 A

80 -

50 - —o—PHA-CIS

40 —e— PHA-SK300
—{3—CHA-CIS
20 A
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Figure 3. The relationships of the detoxification coefficient D versus concentration
of HS in the presence of heavy metals at the ECsy concentration: a) Hg(ID);
1.2:107°M; and b) Cu(I), 1.5-10"° M. Bars represent = SD (n = 3).

Given that the sulphonated coal humic material retains its complexing properties, the
combinatory action of these HS as detoxifying agents to heavy metals in the
contaminated environments and as chelating agents improving the bioavailability of
nutritional metals can be expected.
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4. Conclusions

The obtained results allow to consider sulphonation as a promising tool for obtaining
soluble, mobile complexes of HA with metals. Chlorosulphonic acid is more efficient
sulphonating agent than concentrated H,SO,, and leonardite humic acids yield higher
modification degree than peat HA. Sulphonated humic materials are highly soluble and
form soluble metal complexes with high "metal to humic acid" ratio. The metal binding
affinity of the sulphonated humic materials do not drop substantially compared to the
parent materials. Sulphonation does not induce toxicity of the corresponding derivatives.
Sulphonation causes only a slight decrease in the detoxifying properties of humic
material with respect to Hg(I) and a more substantial decrease — with respect to Cu(II).
Given that the sulphonated HA from leonardite retain complexing and detoxifying
properties almost on the level of the parent material, the combinatory action of these
humic materials as detoxifying agents to heavy metals in the contaminated environments
and as chelating agents improving the bioavailability of nutritional metals can be
expected. They can be also used as environmentally sound flushing agents for heavy
metal polluted sites. For the purpose of industrial production of the sulphonated humic
materials, the preference should be given to a use of leonardite humic material.
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