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Abstract: Part of Cu post flotation tailings of Serbia ZiJin Bor Copper, Serbia,
was reclaimed by restoration of top soil with arable soils, and revegetation in
1991. Humic acids isolated from these Technosols were investigated to find out
if their properties underwent any changes since reclamation. Two groups of
control samples were used. Elemental composition (CHNS analysis) falls
within the range of average soil humic acids. Humic acids belong to the type B
pointing out to its lower humification degree (UV—Vis). Relative abundances
of functional groups are ranged as follows: polysaccharide C > aromatic C
> carboxyl C > OH group > aliphatic C. Aromaticity indexes are low, 1.88—
3.25 (ATR-FTIR). Basic units at pH 10 are in the 11.7-26.8 nm range. Pro-
nounced reaggregation (1462-—5218 nm) at pH 3 points out to less expressed
humic acid sol stability, as well as to increase in aromatic condensation degree
(dynamic light scattering). No significant changes have occurred in technosol
humic acids since the recultivation, confirming stability of their properties over
time (PCA). Nevertheless, humic acids from very strongly acidic Technosols
show higher humifycation degree possibly originating from arable soils used in
reclamation, but more likely from low soil pH and low litter input, results of
unsuccessful reclamation.

Keywords: Technosols; top soil restoration; revegetation; humification degree.

INTRODUCTION

Numerous mines exploit ores and, after extraction of economic elements,
discharge residual wastes in the environment.! Study of post-mining soils focuses
on two important aspects: soil formation processes and soil restoration as a basic
precondition of ecosystem recovery. Development of these soils is influenced by
various environmental conditions and types of land use. Rate of pedogenesis and
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degree of soil evolution particularly depend on residence time and nature of par-
ent material. Technogenic materials may control functioning and evolution of
soils, their potential impact on the surrounding environment and soil suitability
for plants growth. Since organic matter addition and humification are the key
processes in the first steps of soil development, vegetation plays the key role as
initial soil forming factor. Dominant problems in revegetation are physical,
nutritional and/or toxicological properties of mine wastes.24

Copper mining and processing have a profound impact on the environment
producing a huge amount of waste worldwide.5 One of the largest mines in Ser-
bia is Serbia ZiJin Bor Copper. Beside other mine wastes, post-flotation tailings
(PFT) dumps as a result of copper ore processing were formed. The PFT dump
“Polje 2” was definitively abandoned in 1987.6 In addition to degradation of
large land areas these mine wastes are sources of pollution to the surrounding
environment, especially for the nearby city of Bor. PFT formed are of very pure
soil conditions, predominantly high As and Cu concentration, which disable plant
growth, and associated soil organic matter (SOM) accumulation.!-6 Therefore
recultivation is the only way to recover these degraded areas. An area of PFT
(about 16 ha) was reclaimed by reconstructing the topsoil with natural arable soil
material, an average depth of 40 cm, in 1991. The soil was taken from the south-
ern part of the city of Bor where the residential area expanded. One part of the
reclaimed area was planted with grass and the other with trees, without any other
management practice applied.

Our previous investigations on pedological characteristics of PFT® showed
that there were no spontaneous revegetation and SOM genesis on non-reclaimed
areas due to pure soil characteristics, predominantly high As and Cu content, as
already mentioned. On reclaimed area of PFT formed A horizon (about 45 cm
deep) is a heterogeneous mixture of arable soil materials and tailings in various
ratios, characterized by degraded structure, low humus content, mostly acid, high
As and Cu concentrations and low soil microbial activity. According to Lili¢ et
al.,® these soils are classified as Spolic Technosols (Phytotoxic). Part of the A
horizon is covered with wind-deposited tailings (originating from a non-rec-
laimed part of PFT), soils belonging to the Spolic Technosols (Phytotoxic, Are-
ninuvic). According to unfavourable soil characteristics and poor vegetation, it is
obvious that this soil reclamation attempt was unsuccessful, as already noticed.’

Humic acids (HAs) from Technosols on Cu PFT about 20 years after reclam-
ation were investigated in this study. It is well known that the main processes in
soil formation are the SOM accumulation and transformation. Humic substances,
including HAs, are the most abundant fractions of SOM. Their composition,
structure and properties predetermined by conditions of soil formation8 can be
used as indicators of pedogenetic processes.” HAs are the most reactive com-
pounds in soil, i.e., have the capacity for diverse chemical and physical interact-
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ions in the environment. These interactions are well known to depend on the HA
chemical structure and composition.!0 According to Chaudhuri et al.,!! mole-
cular properties of soil organic carbon (SOC) were useful indicators of both SOC
dynamics and soil quality in mine soil chronosequence.

As the A horizon of investigated Technosols is a mixture of arable soils and
tailings, it can be assumed that the investigated HAs originate from the arable
soils. HA properties (elemental composition, fractions of carbon of aliphatic and
aromatic groups and their ratio, optical and other properties) are related to soil
genesis environmental conditions and are persistent over time,!2 retaining char-
acteristics typical for the given soil type.8:13 Therefore, there is a possibility for
tehnosol HAs investigated in this study to retain main properties of HAs from the
arable soils used. However, these HAs existed under exchanged soil environ-
mental conditions and plant residues entrance during the last 20 years. Hence,
technosol HAs were investigated to find out if they underwent any changes in
elemental composition, optical properties and reaggregation ability 20 years from
recultivation.

EXPERIMENTAL

The study area (Fig. S-1 of the Supplementary material to this paper) is located in the
immediate vicinity of the city of Bor, East Serbia, at about 400 m above sea level (44°05° N,
22°06’ E). The climate in the region is of a temperate continental type characterized by short
hot summers and a long, cold winters with average annual air temperature of 11 °C, and preci-
pitation of 550 mm. The winds blowing from the northwest are the most frequent and the
strongest. On the reclaimed area of PFT, birch (Betula pendula L.), shrubs (Rosa canina L.
and Rubus caesus L.), and several grass species among which dominant Nardus stricta L. and
Agropyrum repens L. are present, but very sporadically. Here and there Verbascum phlomo-
ides L. and Bryopsida spp sedge appear too.

In our previous investigations of pedological characteristics of PTF,® 30 soil samples
were taken at equal intervals in the direction of the letter L. To investigate soil HA properties,
6 soil samples (TC1-6) were selected due to the differences in pH (4.17-7.24), C (0.39-1.24
%) and clay content (18.46-27.34 %), Table S-I of the Supplementary material. Five soil
samples (TC1-TC5) were taken from the A horizon at a 0-25 cm depth. Sixth soil sample
(TC6) was collected at a 15-50 cm depth, from the A horizon covered with a wind-deposited
15 cm thin layer originating from non-reclaimed area of post-flotation tailings.

To the best of our knowledge, there is no appropriate HA sample which could be used as
control (there are no data on TC HA properties immediately after the reclamation as well as of
HA properties of arable soils used in the reclamation process). Therefore, two groups of HA
control samples were chosen for this study. The first group consisted of three HAs (CB7-
—CB?Y) isolated from natural arable soils used in crop production (0-25 cm depth), originating
from the location nearby a new residential area of Bor, which surface soil layers were used for
reclamation of PFT (Fig. S-1). The second group of control samples includes two HAs iso-
lated from soils formed under different environmental conditions. The first HA (CCH) was
isolated from Chernozem (0-25 cm depth), originating from Novi Banovci (44°57' N, 20°16’
E), Serbia. The second HA control sample (CES) was IHSS standard HA obtained from Elliott
soil.1415 Detailed description of control samples is given in the Supplementary material. Soil
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texture, aggregate stability (mean weight diameter - MWD), organic C and pH were deter-
mined by common methods. ¢

HA sample was isolated from approx. 5 kg TC and 2 kg control soil material from each
sampling location and used for all measurements in three replicates. HA samples were isolated
using a modified IHSS method (HA gel was dried at 35 °C, powdered, and sieved using a
0.05 mm sieve).!4

The C, H and N contents of HA samples were determined using elemental analyzer
(CHNS 628, LECO Corporation, USA) after drying the samples over P,Os under vacuum.
Their percentages were calculated on an ash-free basis. The oxygen was calculated by the
difference. Ash content was determined by a dry combustion method (50 mg HA at 750 °C for
8 h). The C/N, O/C, H/C and O/H atomic ratios were calculated by determining the ratio of C
to N, O to C, H to C, and C to H contents, respectively. Internal oxidation degree (w) was
calculated according to the formula: @ = (20+3N-H)/C,'3 where O, N, H and C are contents
(in at. %) of oxygen, nitrogen, hydrogen and carbon, respectively.

UV—Vis absorption spectra of HA sol (prepared in 0.05 M NaHCOj5 solution to contain
0.1 g dm> C, pH 8.3-8.4), in the 200-800 nm range were recorded using a UV—Vis spectro-
photometer (Evolution 60s, Thermo Fisher Scientific, USA) with 1 nm resolution. Optical
indexes E,g, (absorbance at 280 nm/mg C),'! E4/E¢ (absorbance ratio Aues/Ages),.t E3/Es
(A350/A550),17 Ez/E3 (AZZS/A350)’18 then AlOgK (IOgA400*10gA600) and RF (1514600/0, ¢ is con-
centration in mg of C in 1 ml of HA solution)!® were used as indicators of humification deg-
ree, most widely used for comparison of HA samples.

ATR-FTIR spectra of HAs in the 4000400 cm! range were recorded by an Alpha spec-
trometer (Bruker, Germany, 4 cm™! resolution, 64 scans). Air spectrum was used as back-
ground. Peak intensities were determined relative to the baseline dependant on the spectral
region. Baselines in the 37001800 and 30002800 cm™! range were used for 3283 and 2920
cm! bands, respectively. Intensities of 1705, 1620, 1520, 1080 and 1030 cm’! bands were
determined using the baseline between 1830 and 400 cm’!. Relative peak intensities of 3283,
2920, 1705, 1620, 1080 and 1030 cm’! bands were calculated by dividing peak intensity
values by that for the 1520 cm™! band. Aromaticity index (/;20/l2920) Was calculated by div-
iding the peak height for the 1620 cm™! band (determined by using the baseline between 1696
and 1530 cm!) by previously determined peak height for the 2920 cm™! band.2® Each peak
height was calculated as a mean of two replicates.

To perform the dynamic light scattering (DLS) and zeta potential (ZP) measurements,
the HA sols (0.02 g dm™) were prepared using deionized water and their pHs were adjusted
by adding 0.1 and 1.0 M HCI or NaOH solutions. NaCl was added to maintain ionic strength
constant (0.1 M) within 10 %, even though the maximum amount of HCI or NaOH solution
was used. The prepared HA sols were equilibrated for 24 h at 25+2 °C and their pHs deter-
mined before the measurement. The measurements were performed using a Zeta-sizer Nano
ZS with 633 nm He—Ne laser (Malvern, UK), and the data were analyzed by the Zetasizer
software version 6.20 (Malvern, UK). Measurement details are given by Jovanovi¢ et al.?!
Absorbances of alkaline and acid sols at 465 and 665 nm were recorded by UV—Vis spec-
troscopy to calculate the E4/E¢ index.

The HA characteristics were organized in three datasets as follows: the first, Technosols
and all control soils; the second, Technosols and control Bor soils; and the third, Technosols.
The correlation of soils and HAs data, as well as the PCA of HAs data (auto scaled prior to
analysis) were performed using an IBM SPSS Statistics 19 software package.
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RESULTS AND DISCUSSION

Elemental composition of investigated HA samples (Table I) reveals the
contents obtained to fall within the range of average values reported for soil
HA .22 Atomic ratios have been used as indicators of variations in HA properties
as a function of HA origin.22:23 Generally, high C/N and O/H and low O/C and
H/C reflect high degree of aromatic condensation, maturity and stability of HAs,
i.e., the degree of HA humification. Besides, w has been used as an indicator of
the progress in plant residue humification.!3 Positive values of ® indicate well-
drained soils with prevailing oxidizing conditions favorable for HA oxidation,
while negative values reflect anaerobic soil conditions.24 The atomic ratios
appear to be qualitatively useful parameters to compare compositional differen-
ces between various humic materials.22 Differentiation in the degree of oxidation
between the second control HAs, CCH and CES and other HAs is clearly indi-
cated in Table I. At the same time, there is no clear difference between inves-
tigated TC HAs and the first control CB HAs. Elemental composition of TC and
CB HAs point out to their similar origin. H/C atomic ratios were higher than 1,
indicating prevalence of aliphatic structures in both TC and CB HAs,23 while
lower O/H ratios reveal lower degree of oxidation and low content of oxygen-
-containing functional groups.2> According to negative w values, it can be
assumed that TC3 and CB9 HAs were formed under soil anaerobic conditions.!3

TABLE I. Elemental composition, ash content, atomic ratios and internal oxidation degree of
humic acids (HA) isolated from Technosols (TC1-TC6) and control natural soils: arable soils
near the city of Bor (CB7—CB9), Chernozem (CCH) and standard Elliot soil (CES)

C H (0] N Contentof C/N  O/C H/C O/H
HA w

Content?, wt. % ash, % Atomic ratio
TC1 52.38 536 37.23 5.03 0.63 12.15 0.605 1.2281 0.492 0.228
TC2 52.11 528 3783 4.78 0.32 12.70 0.574 1.2160 0.475 0.186
TC3 53.68 546 3581 4091 0 12.76 0490 1.2206 0.401 -0.006
TC4 5797 5.03 32.00 5.00 0.27 13.54 0467 1.0413 0.448 0.113
TC5 5748 5.17 32.09 5.26 0.44 12.76  0.447 1.0794 0.414 0.049
TC6 52.86 4.87 37.12 5.15 0 1197 0.642 1.1053 0.581 0.430
CB7 5695 503 32.62 5.40 0.20 1231 0.487 1.0599 0.459 0.158
CB8 56.23 529 3284 5.64 0.07 11.63 0.447 1.1288 0.396 0.023
CB9 50.76 5.79 39.01 4.44 0.19 13.35 0.505 1.3624 0.369 -0.134
CCH 5229 431 3957 383 0.23 15.95 0.810 0.9888 0.820 0.820
CES 58.13 3.60 34.13 4.14 0.88 16.39 0.770 0.7430 1.037 0.981

4Ash and moisture-free basis

According to the literature data,!1:17.18.26 the lower E»/E3, E3/Es, E4/E¢ and
AlogK and higher E»>go and RF indexes, the higher the HA optical density. The
obtained Eg0, E2/E3, E3/Es, E4/Eg, AlogK and RF values (<43.31, >1.44, >4.67,
4.89-5.36, > 0.6399 and < 66.6, respectively, Table 1) indicate low humification
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degree of TC HAs. The E4/Eg ratio slightly higher than 5 suggests a relatively
low degree of aromatic polycondensation and/or relatively small particle size and
molecular weight of TC HAs.27 Control CB HAs have very different optical
indexes, but lower humification degree than TC HAs. CCH and CES HAs reveals
higher E»g9 and RF and lower Ey/E3, E3/Es, E4/Eg and AlogK indicating higher
humification degree in comparison with that of TC and CB HAs. According to
Kumada,!® CCH and CES belong to type A, TC1-TC6 and CB9 are of type B,
while CB7 and CBS8 are of type P soil HAs, meaning that their optical density
decreases in the order: CCH = CES > TC1-TC6 = CB9 > CB7 = CBS.

TABLE II. Optical indexes of humic acids (HA) isolated from Technosols (TC1-TC6) and
control natural soils: arable soils near the city of Bor (CB7-CB9), Chernozem (CCH) and
standard Elliot soil (CES), obtained by UV—Vis spectroscopy

HA E280 Ez/E3 E3/E5 E4/E6 AlOgK RF
TCl 40.76+0.27  1.74+0.07 5.21£0.01 5.12+£0.01 0.67401£0.0035 48.1+0.4
TC2 42.34+0.51  1.50£0.03 4.71£0.01 4.89+£0.01 0.6399+0.0029 61.610.4
TC3 4331+1.58  1.46+0.04 5.21+£0.04  536+0.01 0.6794+0.0036 57.9+0.4
TC4 41.26+0.28  1.6510.03 5.0510.01 5.0610.01 0.6650+0.0028 52.240.3
TCS 40.69£0.95  1.73£0.04 5.20+0.01 5.19+0.07 0.677610.0022 48.3+0.2
TC6 43.24+0.59  1.44+0.03 4.671£0.004 5.12+0.01 0.644210.0016 66.610.2
CB7  38.94+0.04 1.94+0.05 4.9940.01 5.15£0.02 0.6572+0.0039 45.6+0.4
CB8  42.21%0.15 1.70£0.07 5.2240.01 5.3310.01 0.6844+0.0037 49.1+0.4
CB9  37.3240.05 2.11+0.09 5.5240.01 5.7940.01 0.6969+0.0043 36.5+0.3
CCH  47.241£3.58  1.1440.11 3.9410.05 4.3904+0.003 0.6065+0.0006 105.5+0.1
CES  45.53£2.47 1.24+0.04  4.05%0.08 3.900%+0.002 0.5736+0.0006 94.5+0.1

Relative band intensities (ATR-FTIR spectra) have been used to estimate
relative abundances of broad classes of functional groups (OH, N-H, /339¢; alkyl,
Ir9>3; carboxyl, 117¢2; aromatic C, I16p0; carbohydrate-like structures/polysaccha-
rides, I10g0 and 71030).!! These relative band intensities, as well as aromaticity
index (11620/12920) values20-2! have been used to compare HA molecular charac-
teristics. Relative band intensities and aromaticity index values obtained in this
study are shown in Table IIl. Relative abundances of functional groups present
are ranged as follows: polysaccharide C = aromatic C > carboxyl C > OH group
> aliphatic C for TC1-TC3 and TC6 HAs, and polysaccharide C > aromatic C >
carboxyl C > OH group > aliphatic C for TC4-5 HAs. Aromaticity index values
are low (1.88-3.25). It is obvious from Table III that relative band intensities, as
well as aromaticity index values, for CCH and CES are different from those of
TC and CB HAs. Additionally, TC and CB HAs are similar, as confirmed by ele-
mental and UV—Vis analysis. Lower abundances of oxygen-containing groups
(13293, 11705, 11080 and 7193¢) in TC and CB HAs are in agreement with lower ,
O/C and O/H. Less aromatic and more aliphatic component abundance, as well as
lower aromaticity indexes, are consistent with higher H/C ratio and lower optical
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density obtained by UV—Vis indexes, pointing out to their lower humification
degree.19:29

TABLE III. Some relative band intensities and aromaticity index values of humic acids (HA)
from TTechnosols (TC1-TC6) and control natural soils: arable soils near the city of Bor
(CB7—CB9), Chernozem (CCH) and standard Elliot soil (CES), obtained by ATR-FTIR
(measurement uncertainty < 5 %)

HA I373% 1h9p3® 11705 1i620" 11080 Lo®  Lieoo/hhono®
TC1 0.71 0.18 0.85 1.31 0.59 0.58 2.50
TC2 0.71 0.21 1.04 1.41 0.70 0.79 2.02
TC3 0.65 0.18 1.00 1.40 0.67 0.66 242
TC4 0.76 0.24 1.05 1.44 0.73 0.76 1.88
TC5 0.75 0.23 1.00 1.41 0.72 0.75 1.91
TC6 0.59 0.14 1.08 1.45 0.66 0.63 3.25
CB7 0.76 0.22 0.93 1.36 0.68 0.70 1.98
CBS8 0.77 0.20 1.02 1.41 0.69 0.70 2.09
CB9 0.70 0.17 1.00 1.48 0.86 0.89 3.16
CCH 0.88 0.12 1.73 1.52 0.75 0.69 4.29
CES 0.90 0.11 1.35 1.74 0.86 0.91 4.24

3Relative band intensities (to intensity of C=C aromatic band at 1520 cm'l); baromaticity index

Humic substances are able to rearrange and restructure themselves in res-
ponse to environmental changes such as pH, ionic strength, moisture as well as
HS concentration.21:30 Aggregation properties of HAs significantly influence
their interactions in nature. For example metal complexation3! is the reason why
is important to study their colloidal character. In this study, PSD and ZP were
measured in highly alkaline solutions (pH 10), low HA concentration (0.02
g dm=3) and constant ionic strength (0.1 M NaCl solution) to obtain HA basic
unit size.2! Alkaline solutions were acidified by HCI to pH 3 to examine the HA
reaggregation ability. Since PS is closely related to colloidal stability of humic
particles,21:32 ZP at both pHs was measured.

It is obvious (Table IV) that ZPs are negative for all HAs at both pHs (-22.7
to —31.9 mV at pH 10 and —16.3 to —19.4 mV at pH 3). Basic units of TC HAs at
pH 10 are in the range 11.7-26.8 nm, except for TC1 (151.4 nm). After acidific-
ation, pronounced TC HA reaggregation (1462—5218 nm) is evident, pointing out
to less negative ZP values, i.e., less expressed HA sol stability. By inspecting PS
and ZP values in Table 1V, difference between all control HAs and TC HAs is
obvious at both pHs, but more pronounced at pH 10. Pronounced aggregation of
CCH and CES HA control samples can be related to higher relative ATR-FTIR
band intensities (/1795 and I3777) typical of carboxyl and phenolic (OH) func-
tional groups. On the contrary, aggregation of other control samples (CB7 and
CBS, as well as TC5) could not be explained by already mentioned relative inten-
sities likely due to the presence of two competitive intramolecular contraction
and intermolecular aggregation processes influencing HA particle size.30 Com-
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paring E4/E¢ indexes under alkaline and acid conditions, an increase in aromatic
condensation degree for TC HAs can be noticed, opposite to its decrease for BC
HAs and almost no change for CCH and CES HAs.

TABLE IV. Particle size (PS), zeta potential (ZP) and E4/E¢ index of humic acids (HA)
isolated from Technosols (TC1-TC6) and control natural soils: arable soils near the city of
Bor (CB7-CB9), Chernozem (CCH) and Elliot soil (CES)

HA pH 10 pH 3

PS*/nm ZP / mV EyEg PS*/nm ZP / mV EyEs
TC1 151.4 —27.5+1.4 4.77 2282 -16.3£1.9 3.86
TC2 26.6 -23.0+2.7 2.59 1977 ~18.541.2 3.75
TC3 15.0 -31.9+1.4 2.54 3284 ~19.4+1.3 3.29
TC4 18.0 ~22.7+4.4 2.65 1462 ~18.9+1.2 4.52
TCS 26.8 —27.5+2.4 2.49 5218 ~19.1£1.2 2.78
TC6 11.7 -29.4+1.9 2.69 3337 ~17.4+1.1 3.03
CB7 17.0 -19.1£2.9 5.06 5031 ~17.241.0 3.70
CBS8 14.7 -14.0+2.2 4.69 5363 ~17.6+0.7 3.60
CB9 14.3 -22.443.0 4.65 491 -13.740.7 3.73
CCH 10.9 -23.1£2.0 5.07 5359 ~16.8+1.1 3.65
CES 10.2 —18.5+4.7 4.85 4658 ~16.942.0 3.67

- b -
“Measurements uncertainty <6 %; “measurement uncertainty <2 %

According to the literature,33 HA chemical structure and properties signific-
antly influence the efficiency of HA-metal binding. The results obtained in this
study have shown changes in TC HA structure and properties with pH, which
likely affect their interaction with metals. HA-metal binding is of great impor-
tance at Cu post-flotation tailings due to extremely high As and Cu concentrat-
ions® and this problem should be emphasized in future investigations.

PCA score plots obtained for HA characteristics for three datasets: TCs,
CBs, CCH and CES (Fig. S-2 of the Supplementary material), TCs and CBs (Fig.
S-3 of the Supplementary material) and TCs (Fig. S-4 of the Supplementary
material). The first three principal components (Fig. S-2) describe more than
84 % of the total variance (56.6 and 17.0 % for the first (PC1) and the second
(PC2) principal component, respectively) enabling very good insight into data
structure. Similarly, the first three principal components describe nearly 79 % in
the second dataset (Fig. S-3, PC1 36.0 % and PC2 26.1 %), and nearly 84 % of
the total variance in the third dataset (Fig. S-4, PC1 40.9 % and PC2 27.2 %).

The score plot (Fig. S-2) shows that two groups of the first dataset can be
considered as separated along the PC2 axis in terms of linear separability and
classification. Clear separation of CCH and CES from TC and CB HAs can be
noticed, as well as from each other, which is expected regarding their origins.
Obviously, RF, O/H, C/N, w, O/C, I1620/12923 (along positive PC1 axis) and
E3/Es, AlogK, E4/E¢ and H content (along negative PC1 axis) are informative for
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clear difference between CCH and CES HAs and TC and CB HAs. Also, C and
O contents carry the most of variance along the PC2 axis causing separation
inside the TC and CB group. TC and CB HAs had similar properties since 79 %
of the total variance has been preserved (Fig. S-3), while the content of H, /1930
and /193¢ cause separation of CB9 HAs. Considerable heterogeneity noticed in
Fig. S-4 confirms differences in TC HAs. TC1 (characterized by PS at pH 10),
TC2 and TC6 (RF, E»g, carboxyl and aromatic C), TC3 (ZP at pH 10, PS at pH
3, E4/Eg and N) as well as TC4 and TC5 HAs (aliphatic C and polysaccharides),
can be considered as separated. TC1-TC3 and TC6 HAs originate from very
strongly to strongly acid soils with low SOC content, while TC4 and TC5 HAs
come from slightly acid and neutral soils with slightly higher SOC and clay con-
tent, as well as higher MWD. Dependence of HAs properties on some basic char-
acteristics of Technosols was confirmed by correlation analysis, indicating to
dependence of humification process on soil conditions.!?

Higher TC soil clay content is related to higher abundance of COOH acidic
groups, aromatic C, polysaccharides and degree of aromatic condensation (H/C
ratio, 0.880%*, 0.912*, 0.899*, 0.812* and —0.835%*, respectively; *p < 0.05, **p <
< 0.01). It is well known that clay minerals absorb humic substances, which
makes them less available to microorganisms,$34 affects the stability of some
components such as polysaccharides!! and contributes to the formation of more
stable forms.2 TC soil MWD is highly correlated with HA C and O content, as
well as O/C and H/C ratio (0.979**, —0.991**, —0.857* and —0.757, respectively)
suggesting increase in soil aggregate stability with increasing HA humification
degree.

The C content, C/N ratio, /3273, 1923, and /1939 of HAs are in high positive
correlation with TC soil pH, while it is highly negatively correlated with O con-
tent, O/C and O/H ratio, @ and /1¢20//2923 (0.928**, 0.701, 0.722, 0.805, 0.762,
—0.950**, —0.936**, —0.732, —0.715 and -0.730, respectively). According to
Kumada,!® higher HA humification degree in acid to strongly acid soils can be a
consequence of autoxidative changes in organic materials accelerated by Fe and
Mn oxides. Also, E»/E3, 13773 and Ir9o3 are significantly higher and E»gg, RF and
11620/12923 lower with increasing soil organic C (0.891%, 0.932%**  0.844%*,
—0.887*, —0.933** and —0.812*, respectively). HAs have more aliphatic and less
aromatic constituents, i.e., lower humification degree with increase in SOM.
Higher soil pH influences better vegetation cover and hence higher plant litter
input, likely causing lower HAs humification degree. The highest aromaticity
index, oxidation and aromatic condensation degree were obtained for TC6 HA
extracted from a 15-50 cm layer covered with wind deposited Cu post-flotation
tailings and no vegetation. These TC6 HA characteristics might originate from
arable soils used in reclamation, but the contribution of very low soil pH and the
absence of vegetation (fresh litter input) to the highest HA humification degree in
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the last 20 years is more likely. Decrease in HA humification degree with
increasing fresh plant litter input has already been reported.!1.13.25

Comparison of the results obtained in this study with those for other mine
soils is difficult due to different reclamation methods or mine wastes. According
to our knowledge, comparable investigations of HAs from soils formed on Cu
post-flotation tailings recultivated by top layer reconstruction with arable soils
are missing. Humified organic C was increased in depleted copper mine soil
using organic amendments, on the contrary to tree vegetation.35 Although soils
on coal-mine spoils are quite different from those on Cu post-flotation tailings,
results obtained indicate an increase in HS humification degree on reclaimed
areas.!l According to Abakumov et al.2 caloricity of HA tends to increase with
increasing site age in a reclaimed mine soil chronosequence (maximum 7-10
years), while on unreclaimed site no trend was evident, explained by ecosystem
heterogeneity. In this study, increase of humification degree is not noticed for all
TC HAs likely due to heterogeneous soil properties. Humification degree is
probably increased only for HAs from very strongly acid soils due to influence of
autoxidative changes accelerated by Fe and Mn oxides and absence of fresh litter
input. These results confirm that quantity of total organic matter entering the soil,
as well as soil conditions!!:13:19.25 influence soil humification process. Pure soil
conditions of Technosols studied are likely results of ineffective PFT reclama-
tion. Soil top reconstruction process was performed by irregular mixing of arable
soils and tailing, the consequence of which are strong acid conditions. Also, acid
tailing was wind-transferred from non-reclaimed to reclaimed PFT areas. As
already mentioned,” Cu PFT remediation is difficult to accomplish, expensive
and often unsuccessful. Further, residence time is an important factor influencing
HA humification.2:11 Results of this study have shown that in the 20 years period
humification changes occur only in extremely different soil conditions, while
HAs in similar soil conditions were not significantly changed.

CONCLUSION

Results of elemental analysis, UV—Vis and ATR-FTIR spectroscopy point
out to lower humification degree of TC HAs. Pronounced TC HAs reaggregation
at pH 3 points out to less negative ZP values, as well as to increase in aromatic
condensation degree.

According to PCA, TC and CB HAs are clearly differentiated from the sec-
ond HA control group (CCH and CES) indicating that TC and CB HAs are likely
of the same origin. TC HAs are not separated from the first HA control group
(CB — arable soils near Bor), which probably means that no significant changes
have occurred in TC HAs over the past 20 years since the recultivation, con-
firming stability of HAs properties over time.
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Nevertheless, it is obvious that HAs extracted from very strongly acid TC
soils show higher aromaticity index, oxidation and aromatic condensation degree
compared to HAs from slightly acid and neutral TC, as well as CB soils. These
TC HA characteristics could originate from arable soils used in reclamation, but
the contribution of very strongly acid soil conditions and low fresh litter input
(bare or absent vegetation) to high humification degree is more likely. Unsuc-
cessful reclamation resulted in both very low soil pH and fresh litter input
probably causing higher humification degree of HAs originated from very strongly
acid TC soils. Also, their aggregation is less pronounced in comparison to other
TC and control HAs studied, which could influence efficiency of HA-metal
binding. It was shown that 20 years period is long enough to change TC HAs
humification degree only under extremely changed soil conditions.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at the pages of journal website:
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BOJ
OCOBHUHE XYMHWHCKHUX KHUCEJIMHA CA JAJIOBUIITA BAKPA 20 TOOMHA HAKOH
PEKYJITUBALTUJE

CBJETJIAHA B. PATMAHOBHR', MUPJAHA M. MAPKOBHWR?, YPOIII JI. JOBAHOBUR?,
MAJA . TAJUR-KBAIIIYEB®, BYPO M. YOKEIIA® u JACMUHA A. JIUJIUR®
1H0moﬂpuepegnu axyniteni, Ynugep3uiiei y beoipagy, Nemanjina 6, 11080 Eeoipag, 2Ha6opamopuja 3a
gunamuuxy xemujy, Hucuitiyi 3a HykieapHe nayxe Bunua, Ynueep3uiteii y Beoipagy, 4. ip. 522, 11001
Beoipag u 3Serbia ZiJin Bor Copper, 19210 Bop

Ieo nocrduioTauroHor janosuiuta Serbia ZiJin Bor Copper, bop, je 1991. ronune pexynaty-
BHCaH PEKOHCTPYKLIMjOM MOBPIIMHCKOT C/10ja 0OpafuBUM 3eMJBHLITEM U peBereTanujom. 13 dop-
MHpaHHMX TEXHOCO/MA Cy M30/I0BAaHE XyMMHCKE KHCEIHMHE KOje Cy MCIUTUBAHE Ca LWBEM Ja Ce
YTBPOM [a JIY je OOLUIO IO MPOMEHe BUXOBUX 0codMHa 20 ropvHa mocie pexynrusanuje. Kopum-
hene cy nBe rpyme KOHTpONHHX y3opaka. Enmemenranmnu cactaB (CHNS anamuza) ce Hamasuno
YHYTap oOIcera KapaKTePUCTHYKOr 33 3EeMJBUIIHE XYMHHCKe KHCeluHe. XYMHHCKe KHCelTHHe
nmpunangajy b tumy mro ykasyje Ha BUXOB HWXKHU cTeneH xymudunupanoctu (UV-Vis). Pemocnen
penaTUBHE 3aCTYIUEHOCTH (DyHKIMOHAIHUX Ipyna je cinenehu: nonvcaxapupuy C > apoMaTHYHU
C > xapbokcunau C > OH rpyna > amudarnyau C. BpegHOCTH apOMaTHYHOT MHJEKCa Cy HHUCKe
(1,88-3,25, ATR-FTIR). OcHoBHe jemunuue Ha pH 10 cy y oncery 11,7-26,8 nm. HUspaxeHa
pearperauyja (1462—-5218 nm) Ha pH 3 ykasyje Ha HIXKYy CTaOWIHOCT CO/a XYMHUHCKHX KHUCEIHHa,
Kao ¥ Ha mnoBehame crerieHa apoMaTU4HOCTH (DLS). Pesynraté nokasyjy #a HHje [IOIUIO 0 3Ha-
YajHUX NIPOMEHA OCOOMHA XYMHMHCKUX KUCEIMHa TexHocona 20 rofuHa IOCjIe peKy/aTHBaLuje
(PCA), wTo ykasyje Ha BHUXOBY CTabWIHOCT. Mmak, XyMHHCKe KHUCEIHHe U3 BeOMa KHMCEIHX TeX-
Hocosia uMajy Behu creneH XxyMUQHUIIMPAHOCTH KOjH je MOoXka HacieheH U3 odpaguBor 3eM/bHLITA
KOpHIIheHOT y peKy/ITHBAallWjH, ald je BepoBaTHWje Mociemuna HUCKOr pH u Hwxer mpuiusa
OpraHCKHX OCTaTaka, a Koju Cy pesysiTar HeyclielllHe peKy/ITUBaLuje.

(ITpummeno 17. jyna, pesuaupano u npuxsaheno 21. oxrodpa 2019)
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