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Abstract

Simeonova, Ts., Atanassova, 1., Benkova, M., Nenova, L., Harizanova, M. & Atsenova, M. (2025). Effect of bio-
char on anion mobilization in soils polluted with heavy metals. Bulg. J. Agric. Sci., 31(4), 660—-672

Soils from three sites located near large metallurgical plants, former Kremikovtsi steel plant, Aurubis — Pirdop copper plant
and the Medet open cast copper ore mine in Asarel-Medet were studied. Soils have different physico-chemical characteristics,
heavy metal and metalloid contents and land use. The biochar (BC) applied as ameliorant was derived from deciduous veg-
etation, added in four variants at different rates of 1%, 5%, 10% and 20% w/w. The effect of biochar on the mobilization of
anions and dissolved organic carbon (DOC) was evaluated in a climatic chamber. It was found that the behavior and interaction
mechanisms of the studied anions (nitrate, chloride, sulfate, phosphate, dissolved organic carbon (DOC) in soil solutions is
complex, both due to the specific chemistry of the anions and the soil adsorbent (soil-biochar mixture). There were no clear
trends in anionic composition of soil solution between the BC treatments and the control variants at the three sites. However,
after a 6-month period there was a decrease in the concentrations of nitrates more pronounced in the neutral to slightly alkaline
soils near the Kremikovtsi steel plant. For the acid soils from Aurubis-Pirdop area, DOC exhibited increasing trend in the vari-
ants with BC application. The principal component analysis (PCA) for the three types of sites, indicates that BC is mobilised
by the biochar itself in the neutral and alkaline soils, while in the acidic soils from Aurubis-Pirdop and Medet sites, DOC is
predominantly mobilised by the soil colloids. There were no clearly expressed trends in the contents of the other anions from
the BC application among the variants for the different soil types and regions, except for CI" ions, which decreased from BC
application in the acidic soils and the SO,* ions, which increased in the acidic soil of the Medet mine.

The results obtained have implication on metal immobilisation in contaminated soils, both from pH increase, especially
in the acidic soils, and the increase of DOC, which may form various complexes with metals in solution and on soil surface.
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culture, petroleum industry, improper disposal of wastes and
extraction and refining of metals and metalloids etc. (Palmeg-
giani et al., 2021). These serious problems necessitate the
search and use of cost-effective amendments. Research on

Introduction

Soil contamination is a serious challenge of great eco-
nomic and social importance, that can have irreversible con-

sequences on agro-ecosystems and human health. The major
causes of soil pollution are related to industry and urban-
ization, use of pesticides, chemicals and fertilizers in agri-

biochar (BC) as soil ameliorant has increased significantly
in recent years. The results showed that its application im-
proved cation exchange capacity, nutrient use efficiency and
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nutrient retention capacity, reduced soil acidity, and could
be used for immobilization and removal of pollutants, se-
questering carbon, and improving soil properties and fertility
(Glaser et al., 2002; Lehmann and Rondon, 2006; Ajayi et
al., 2016; Kanthle et al., 2016; Oliveira et al., 2017; He et al.,
2021). Despite numerous studies, the mechanisms of biochar
interaction with soil complexes and solution are still not well
understood. Biochar is a carbon-rich product derived from
various organic feedstocks by pyrolysis at different tem-
peratures in the absence of oxygen (Sanford et al., 2019). Its
properties to adsorb some or other elements are determined
by the raw materials, used and the conditions of its produc-
tion (Gronwald et al., 2015). For this reason, the mechanisms
of interaction with different contaminants are specific and
multifaceted. For organic contaminants, functional groups
are activated by hydrophobic or electrostatic attraction or
repulsion, while inorganic contaminants are removed by ion
exchange, surface complexation, precipitation and ionic in-
teractions (Oliveira et al., 2017). A major challenge in using
biochar is to increase the anion exchange capacity of the soil.
The use of biochar in this aspect to mobilize anions, that are
in excess and are likely to wash out of the root zone, or pose
a risk of eutrophication (e.g. nitrate, chloride), is considered
by Sanford et al. (2019). Zijian et al. (2023) believe that, it
is theoretically possible to determine the optimal amount for
biochar application based on the adsorption and desorption
behavior of biochar at different anion levels in solution.
Dissolved organic carbon (DOC) is an important fraction
of organic matter that plays an important role in many bio-
logical and chemical processes in soil. When applied to soil,
biochar can release soluble organic carbon, which can imme-
diately change soil physicochemical properties, increase soil
organic matter content, affect microbial activity, and alter soil
organic contaminants and heavy metal mobility (Liu et al.,
2019; Feng et al., 2021; Atanassova et al., 2024). The effects
of biochar on soluble carbon are controversial. The content
and composition of labile forms of carbon in soil are mainly
related to the type of feedstock and the pyrolysis temperature
of biochar (Cheng et al., 2017; El-Naggar et al., 2018; Li et
al., 2022). Biochar derived from woody materials basically
includes a larger amount of lignin, which is more thermally
stable and rapidly generates fixed carbon rather than soluble
organic carbon (Liu et al., 2022). In contrast, biochar derived
from herbaceous feedstocks, which contain more cellulose,
and is more prone to soluble carbon formation. Lin et al.
(2022) found that the concentration of soluble organic matter
in biochar decreases as the pyrolysis temperature increases.
The structure of soluble carbon at high temperature chang-
es from humic-like substances and neutral to low-molecu-
lar substances. The potential of biochar to remove anionic

species was found to depend on surface area and charge of
biochar, solution pH, and the presence of competitive anions
(Chintala et al., 2013).

Biochar, pyrolysed at low temperature, is nutrient rich
and contains a large amount of volatile compounds, that
can increase labile fractions of organic matter and alter soil
microflora and nutrient cycling (Sun et al., 2021). Biochars
produced at high temperatures significantly reduce the con-
centration of soluble organic matter (Feng et al., 2021). Most
laboratory and field studies have examined the short-term ef-
fects of biochar on soil properties. Biochar addition increas-
es dissolved organic carbon in the short term (Chen et al.,
2021). In long-term field studies (over 5 years), the addition
of biochar resulted in no changes in soluble organic carbon
content (Dong et al., 2018; Lu et al., 2020), however, in other
studies of Zhu et al. (2017) and Rombola et al. (2022), it was
shown that biochar addition can adversely affect dissolved
organic carbon (DOC) and reduce its release in some soils.

The aim of our study was to determine the effect of bio-
char on anion mobilization in Technogenic soils from three
major metals producing regions in Bulgaria.

Materials and Methods

Soils samples were taken from three sites near the
large metallurgical plants of Kremikovtsi, Aurubis — Pir-
dop smelter and refinery and Asarel-Medet Cu enrichment
plant. Soil samples from the former plant Kremikovtsi were
taken from the land of the villages of Gorni Bogrov, Yana
and Buhovo. Soil samples from site T.1 located near the
village of Gorni Bogrov were classified as Fluvisols, deep,
sandy-loam, stony with alluvial deposits. Alfalfa (Medi-
cago sativa L.) was cultivated in 2023. The soils of Yana
site (T.2) were classified as Deluvial soil, moderately deep,
medium- sandy and stony with delluvial deposits. During
the study period, the land use was with rapeseed (Brassica
napus L.). The soil from Site 3, Buhovo village, was Delu-
vial-meadow soil (Fluvisols), shallow, sandy-loam, stony,
diluvial deposits, designated as meadow. The vegetation
was mixed (black pine, oak, cherry, rose hip etc.). The soil
reaction (pH H,O) varies from moderately acidic in the area
of Gornji Bogrov to slightly alkaline in the sites, that are
close to the industrial plant on the land of the village of
Yana site. The cation exchange capacity (CEC) varied in
a narrow range from 23.6 to 29.0 cmol. kg'. The degree
of saturation (V%) was between 95.6 and 100% (Table 1)
(Nenova et al., 2023).

Asarel-Medet, near Panagyurishte, is the largest mining
company in Bulgaria for open cast mining and enrichment
of copper ores. The soils tested (pooled samples from eight
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sites) were collected from the Great Southern Embank-
ment, which contains materials from the open cast mining
of Medet, and was biologically reclaimed between 1998
and 2006, with pine and birch plantations. The soils T1 and
T4 were taken from the Great Southern Embankment. Soil
T7 was taken from the tailings from the open cast Medet
mine, and reclaimed in the period 2001-2007, with pine
and birch plantations. Soil samples were collected from
0-20 cm depth in 2023. Soils have a light texture, mostly
acid soil reaction, the cation exchange capacity varied from
21.7 to 25.0 cmol. kg!, base saturation V% was between
63.1-92.3% (Table 1, Atanassova et al., 2023).

The soils of the Pirdop area sampled near the Auru-
bis-Pirdop copper smelter, and are Alluvial-delluvial, eroded
Cinnamonic forest soils, with a light soil texture, low clay
content of 5.7-14.7%, organic carbon (OC) of 0.5-2.9% and
pH of 4.7-6.1 (Atanassova et al., 2024). All samples were
taken from a depth of 020 cm. The soils from sites T1, T4
and T8 were Alluvial-deluvial, soil from site T6 was Cinna-
monic forest soil. The vegetation was mixed woody vegeta-
tion, shrubs and meadow grasses.

Soil textural composition was analyzed by the method of
Kachinski (1958), soil pH/ in a soil: water slurry of 1:2.5, to-
tal organic carbon (TOC) was determined by oxidation with
K2Cr207/H2S04 by the Kononova method (1966), cation
exchange capacity (CEC) and extractable Ca, Mg and Al, by
the method of Ganev and Arsova (1980).

An incubation experiment was conducted in a Climatic
Chamber With Phytotron System KK 350 FITDS—-POL-EKO,
2022. Soil samples (300 g) were placed in test vessels with

capacity of 500 ml. The following designations were used:
Kremikovtsi — T1(Fluvisols), T2 (Deluvial soil) and T3
(Deluvial-meadow soil), Aurubis-Pirdop — T1, T4, T8 (Allu-
vial-deluvial soils, T6 (Cinnamonic forest soils), and at Me-
det sites, T1, T4 (soils of the Great South Embankment) and
T7 (tailings from the open cast mine). The experimental de-
sign included 1 control and 4 variants with different levels of
biochar added of 1%, 5%, 10% and 20% in two repetitions.
Biochar was obtained from wood (birch, sycamore, ash tree
and maple) by temperature pyrolysis 400—420°C (Nikimol,
Ltd, Asenovgrad).

A certain amount of distilled water was added to the soil
samples to achieve 75% field capacity (FC). Results are pre-
sented after the 1% stage (30 days of incubation), 3™ stage
(90 days), 4" stage (120 days) and 6™ stage (180 days), to
examine the interaction processes at the most important stag-
es of the period. Monthly over a 6-months period samples
were taken, and pH, electrical conductivity (EC) and Redox
Potential (RedOx) were determined, and aqueous extracts
were prepared. The water extracts were analysed in soil:
water ratio 1:5 and 1 h shaking, centrifuging and filtering
through 0.45 um acetate cellulose filter (Kathoh et al., 2012).
Anions in the soil solution, including DOC, were analyzed
with Spectroquant tests, Merck Millipore (PHARO 100).
Electrical conductivity (EC) was determined in soil:water
(1:5) according to (ISO 11265:2002). Soil pH was measured
in a soil: water suspension of 1:2.5.

Correlation, Principal component (PCA) and cluster
analyses were performed by IBM SPSS Statistics 23 for
Windows.

Table 1. Physico-chemical characteristics of experimental soils

Points pH CEC,, CEC,, CEC,,, H, Al Ca Mg Base Clay TOC
No /H,0 satur.
cmol. kg %
Kremikovtsi
T.1 7.8 26.8 - - 0.0 0.0 24.0 2.8 100.00 8.7 1.44
T.2 8.0 29.0 - - 0.0 0.0 26.0 3.0 100.00 9.5 1.22
T3 6.9 23.0 21.8 1.2 1.0 0.0 19.2 2.5 95.65 8.8 1.16
Aurubis-Pirdop”
T.1 4.9 232 18.1 5.1 7.5 2.5 13.5 2.1 67.7 9.0 1.21
T4 5.4 25.0 21.9 3.1 4.0 1.0 19.1 22 84.0 11.4 2.86
T.6 43 21.7 17.0 4.7 8.0 3.1 11.4 2.1 63.1 16.7 0.83
T.8 6.2 24.8 22.8 2.0 1.9 0.0 20.6 2.3 92.34 7.3 1.96
Medet”
T.1 4.6 17.2 12.2 5.0 7.0 1.8 7.5 2.5 59.3 6.5 1.01
T4 49 19.5 13.0 6.5 8.1 1.5 9.0 2.3 58.46 7.5 1.36
T.7 4.7 19.4 134 6.0 7.0 1.2 9.8 2.3 63.92 4.9 0.91

*Kremikovtsi — T1(Fluvisols), T2 (Deluvial soil), T3 (Deluvial-meadow soil), *Pirdop — T1, T4, T8 (Alluvial-deluvial soils, T6 (Cinnamon-forest soils),
*Medet — T1, T4 (soils of the Great South Embankment), T7 (tailings from the open cast mine).
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Results and Discussion

The capacity of biochar to remove anions in water extracts
is different depending on the pyrolysis temperature used (Or-
tiz-Bobea et al., 2021), such as the mechanism of their remov-
al is mainly through chemisorption. According to the same
authors, as well as to (Ao et al., 2020; Tian et al., 2023), due
to the negative surface charges of biochar, it is necessary to
modify its surface to improve its adsorption capacity. Some
types of biochar have significant anion exchange capacity
(AEC) that ranges from 0.602 to 27.76 cmol kg ™' (Lawrinen-
ko et al., 2015), increases with decreasing pH and pyrolysis
temperature, and is attributed to oxonium functional groups,
pyridinic groups in the biochar heterocycles, and nonspecific
adsorption with protons from the fused aromatic rings of bio-
char. He et al. (2021) have established, that despite the unde-
niable benefits of biochar, as a soil improver, its use is varied,
which is determined mainly by local soil conditions and the
specific management tasks and objectives. It should be taken
into account that changes in its physico-chemical properties
(aging of biochar) also affects soils. The authors believe that
regulations and guidelines are needed for the application of
biochar, as well as assessment systems and indicators for the
effectiveness of the multilateral impact of applied biochar in
the soil. They suggest that such indicators could be the levels
of nutrients and the reaction of soil.

Concentrations of anions in soil solutions from the
Kremikovtsi site

The concentrations of anions in soil solutions are regulat-
ed by complicated mechanisms that determine their mobility.
Not all processes are well studied, especially of those, related
with organic complexes and major anions, which have spe-
cific properties that affect their mobility and adsorption, such
as their participation in biological processes or in inorganic
chemical reactions (Johnson and Cole, 1980). Nitrogen is the
most important biogenic element for the growth and develop-
ment of crops and for obtaining high yields. The mineral nitro-
gen in soils is mainly in nitrate and ammonium forms. The soil
colloids have a stronger affinity for the NH,-N of inorganic
nitrogen, because they are negatively charged. Soil colloids
have a low anion exchange capacity, on the other hand, an-
ion competition (of phosphate and sulfate anions) inhibits the
binding of NOj, which can be leached along the soil profile.
Accumulation of nitrate nitrogen in soils and soil solution is
an indication of a possible risk of groundwater contamination.
The biochar, used as soil amendment is aimed at reducing this
risk. Studies have shown that despite the large specific surface
area of biochar, presence of different functional groups and
exchangeable cations, not every biochar type can be useful

for nitrate retention. This may be related to the feedstock and
pyrolysis temperature, which requires serious research into the
capacity of biochar to retain nitrate nitrogen (He et al., 2023).
In their study, Sanford et al. (2019) found that the presence
of more oxygen functional groups, together with an increased
content of positively charged metals Na and Ca, on the surface
of biochar suggests that cationic binding might be a mecha-
nism for NO, sorption.

Nitrates

The obtained results for the contents of nitrates in solu-
tions from the Kremikovtsi sites (Figure 1), show that in the
controls of the studied variants from site T.1, they range from
34 to 56 mg.I', in T.2 between 17 and 54 mg.l!, and in T.3
between 32 and 49 mg.I"". It was established that the nitrate
contents in the solutions of the controls from the 6™ sampling
(after 180 days of incubation) was the lowest, especially in
the variants T.1 and T.2. The average nitrate content in the
different variants with added biochar is within the limits of
39.5 mg.I"! (after 30 days of incubation) to 25.7 mg.I"! in the
6™ stage of T.1., i.e. the reduction is about 1.5 times. At T.2.
on the 1* month with added biochar in the different vari-
ants, the average concentration of nitrates was 33.7 mg.1"!,
and after 6 months of composting it decreased to 22.0 mg.1"".
A stronger decrease in nitrate concentrations is reported in
the variants with 20% added BC. In T.1, the decrease be-
tween controls and variant T.1. with 20% BC, at different
incubation periods was between 1.3 and 3 times. The trend is
similar between the controls and the 20% added BC in T.2.
(Figure 1). At site T.3., there was a variation of the concen-
tration in the variants BC 10%, however, at the highest dose
of BC 20% there was a notable decrease of NO; concentra-
tion. It should be taken into account that the soil samples
were taken both from cultivated areas and from mixed forest
and meadow vegetation (T.3), which may be the reason for
different influence on nitrate content.
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Fig. 1. Content of nitrates (mg.l") in water extracts
from the soils of the Kremikovtsi site
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Chlorides

It was found that the concentrations of chloride anions
(CI') (Figure 2) in the solutions during the different stag-
es of the study, did not change significantly at site T2. The
concentrations of chlorides in the extracts after 30 days of
incubation varied from 7.3 mg.l"' at T.1 to 19.63 mg.I"! at
T.2., on average for all the variants 8.78 mg.l"!, during the
1* stage of the incubation. It is established that in the conse-
qutive periods of incubation, chloride average contents in the
water extract did not change uniformly, but mainly icreased
with stage and did not chage with variant (T2-T3) or were
increase at 20% BC at site T1 between 9 and 10.3 mg.l"".
Regarding the variants, no definite trend emerged, except for
a slightly higher content at BC 20 % compared to the control,
but not at all stages of the study.

Kremikovtsi
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Fig. 2. Content of chlorides (mg.l"") in water extracts
from the soils of the Kremikovtsi site

Sulphates

It was found that the concentrations of SO,* (Figure 3) in
the solutions from the three sites (T1-T3) vary ununiformly,
and there was no clear trend in the sulphate levels with time
and BC variants. At T.1, SO,*, change both during the different
stages of incubation and by BC variants, from 5.0 mg.I" in the
control during the 1* stage to 19.23 mg.1" at T.1. with 20% BC
at the 4" stage. An interesting trend is observed in the extracts
from variants T.2 and T.3, where the higher concentrations are
at the 1* stage (30 days of incubation), and start to decrease in
the following stages. This is more pronounced at T.3, where
the decrease between the 1% t and the following stages is about
3 times (Figure 3). The variation in sulfate values is signifi-
cant, both by variant and by time periods. It was found that
the values of sulfates are lower than those of nitrates and do
not exceed 20 mg.I"!, which is owing to the higher sorption,
including specific sorption of sulphates on soil and biochar col-
loids. These concentrations are influenced by the pH (7-8), soil
surface charge, which is negative (Marsh et al., 1987), and the
extent of the positive charge on the biochar in this pH range.
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Fig. 3. Content of sulphates (mg.l"') in water extracts
from the soils of the Kremikovtsi site

Phosphates

It was found that the contents of the phosphate anions
in the solutions from the Kremikovtsi site varied with stage
(time), and were the highest in the control of T.1, 2.40 mg.1"!,
and also in the other variants with different amounts of added
biochar at the first stage of incubation, between (1.0 and 1.80
mg.1"). During the following periods in T.1, a decrease in the
values of phosphate anions was found, being lower at the 3%
stage (average 1.04 mg.1"!) and at the 6" stage (average 1.17
mg.1"). It was found that T.2 also had the lowest phosphate
content in the 6" incubation period, on average (0.85 mg.1"!)
in the different variants with added biochar. Higher values
were measured in the solutions from stage 4 of incubation
(between 1.1 and 1.45 mg.1"" (Figure 4). It was observed that
T.3 had the lowest reported values of phosphates in the solu-
tions at all stages (0.19-0.30 mg.I"!), except for the 4" period
(120 days of incubation), reaching between 0.53—-1.91 mg.I"'.
There is no much information on the effect of biochars on the
mobility and availability of phosphates in soils. Generally,
phosphorus has a complex chemistry in soils, pH having a
decisive influence, and most importantly adsorption by soil
sesquioxides at low pH and precipitation as Ca phosphates
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in non-acidic and alkaline soils, as well as the composition
of soil solution, and many other environmental factors (Pier-
zynski et al., 2005). The established higher values of phos-
phates in the variants at sites T.1 and T.2 are probably due
to the fact that they are cultivated areas, and are subject of
fertilizer application and other and chemical products.

Dissolved organic carbon content (DOC)

In the three soils studied after 30 days of incubation (1%
stage), the variation of DOC by variants was similar, but
the increase at 20% BC at site T1 was most strongly pro-
nounced. The highest values in the variants with 20% bio-
char were observed in soils T2 and T3, 48 and 42 mg.l"!,
respectively. After 120 days of incubation (4" stage), the
same trend as in stage 1 of DOC reduction was observed by
variant, except for the variant with 20% biochar for all the
soils. This may be due to the lower levels of biochar in the
1%, 5% and 10% variants compared to the 20% biochar. Its
decrease in theo variants with lower levels (from 1 to 10% of
BC) may be related both to adsorption and fixation and to an
increase in the activity of microorganisms in the soil at the
20% of biochar applied. These assumptions are confirmed by
some concurrant data (unpublished), where different groups
of microorganisms increased in the investigated soils from
the Kremikovtsi site.
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Concentrations of anions in soil solutions from the area
of Aurubis — Pirdop site

Nitrates

From the graphs in Figure 6, no significant trend both in
“time” or BC variant is noted both for the four sites studied.
It was found that for the variant T.1 at the 1% stage of incuba-
tion, the highest values of nitrates were recorded, from 48.5
mg.I"! in the control to 53.8 mg.1"! in variant T.1 with 10% BC,
the nitrate content being the lowest in the variant with 20%
BC (40.7 mg.I"). For the other sites T.4, T.6 and T.8 at the 1*

stage of incubation with BC, the effect of its interaction with
the soil was not, yet observed. In all the variants with added
BC, a decrease in nitrate content was found at the 3" stage of
incubation between 11.07 —21.6 mg.I"! (Figure 6). There is an
increase in nitrate concentrations at the 4™ stage and a slight
decrease at the last, 6" stage. It should be noted that the soil
samples were taken from non-cultivated areas (forest, grass
vegetation), and that the sampling period was in the late winter
or early spring. During this period, the active vegetation has
not, yet been developed, and it is possible to concentrate ni-
trates in the surface soil layers by capillary action, resulting in
higher nitrogen content in the initial periods of the incubation.
It should also be taken into account that the ongoing processes
and changes in nitrogen in these grass and forest areas differ
from cultivated areas, where different agricultural techniques
are applied, affecting the soil microflora. It is possible that
the stabilization of the agroecosystem under these conditions
takes place at a later stage of interaction with the biochar. In
conclusion, inconsistent trends were observed depending on
the BC variant, stage and soil type.
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Fig. 6. Content of nitrates (mg.l"") in water extracts from
the soils of the Aurubis-Pirdop site

Chlorides

A decrease in average chlorides values was observed in
the variants at sites T.1-T.6 (8.61-11.0 mg.I""), compared to
the site T.8, where the average values were slightly higher
(14.23 mg.I""). It was found that in the water extracts, the
chloride content was low during the 1% stage, i.e. between
3 mg.l'and 15.6 mg.l'. A decrease was observed in the
variants with 20% added biochar, compared to the control
in variants (T.1-T.6). During the 3™ stage, after 90 days of
incubation, a higher content of chlorides was observed in the
control of T.1, reaching 24 mg.I"" and at T.8, with 10% and
20% added biochar, 21-22 mg.I"", The content of chlorides
in all the studied variants and stages is low and does not ex-
ceed the maximum permissible concentration (MPC) of 200
mg.I"' (Regulation 12 of 2002). We can discern a decrease in
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chloride concentration with BC variant and time, esp. in T1
and T6 sites. A similar trend was observed in our previous
study (Simeonova et al., 2019), in which biochar (500°C)
was applied at lower doses on a Fluvisol (pH 5,8-6,1).
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Sulphates

Low values of sulfates were found in the solutions from
the variants at sites T.1 (12-23 mg.1"!), T.4 (5-16 mg.l"!) and
T.6, (7-21 mg.I'"), and the differences between controls and
variants with biochar are insignificant, except for the con-
trols from site T.1 (reaching 54 mg.I"") during the 3™ stage
of incubation (Figure 8). We observed that adding biochar
to these soils did not increase the soil adsorption capacity
for sulfate sorption. There were no distinct trends between
the individual stages and variants of biochar. There is an ex-
ception for site T.8, where the measured concentrations of
sulfates are about 3-4 times higher, i.e. from 43 — 78.9 mg.I"!
compared to the other variants. However, they do not ex-
ceed the maximum permissible concentrations for sulfates
content (250 mg.1!) in the waters (Regulation 12 of 2002).
The soil reaction (pH) in this point T.8, is slightly acidic pH
6.20 compared to the other variants (T.1, T.4, T.6), where the
pH values are lower (pH 4,3; 5,4, 4,9). These trends are in
line with the chemistry of sulphates in acidic soils, which in-
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Fig. 8. Content of sulphates (mg.l"") in water extracts
from the soils of the Aurubis-Pirdop site

volves specific sorption on Fe and Al sesquioxides, through
exchage of OH or H,O groups in the crystal structure of the
minerals, while in soils of pH > 6 very little SO,*, is sorbed
due to pevalence of negative charge on soil colloids (Curtin
and Syers, 1990). Other authors (Zhao et al., 2017) conclude
that sulfate can be adsorbed on biochar and soil through elec-
trostatic interaction, as well.

Phosphates

In the water solutions, the highest values of phosphates
were found at the control site T.1, 2.30 mg.1I"!, at the 3 incu-
bation period, while in the variants with biochar they were
low, up to 0.70 mg.I"" (Figure 9). In this stage, a significant
variation of the phosphate concentrations was also observed.
It was found that at the 4™ and the 6™ stages of incubation
with biochar, the concentrations of phosphate anions de-
creased slightly. The behavior of phosphates is similar in the
soil from T.6, where a decrease is observed during the 6"
stage, after 180 days of incubation, although not so clearly.
For the other sites T.4, T.6, no visible changes were noted ei-
ther with stage, or the BC variants. In the study of Ghodszad
et al. (2022), it was noted that various biochars may exhibit
dissimilar effects in P sorption and desorption processes, i.e.
those produced at low T (300—450 C) could decrease P sorp-
tion and enhance P availability in acidic soils if low in Fe and
Al oxides, and if higher labile organic carbon in these types
of biochars is present.
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Fig. 9. Content of phosphates (mg.lI") in water extracts
from the soils of the Aurubis-Pirdop site

Dissolved organic carbon content (DOC)

The application of biochar affected the dissolved organ-
ic carbon (DOC) content, but the effect was different in the
tested soils from Pirdop. For soil T1 the DOC concentration
(28-71.3 mg.1"") was the highest compared to the other soils.
At 1 and 6™ stages (after 30 and 180 days of incubation),
the DOC increased in the biochar variants compared to the
control. At the 3™ stage, in all the soils, it is noticeable that
the DOC content was 2 times higher compared to the other
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soils. At this point in soil T1 no differences by variants were
observed. At the 4" stage of T1, there is a reduction in DOC
by variants compared to the control. For soil T4, the DOC
contents at 1%, 4" and 6" stages are within a narrow range
(17.1-29.5 mg.I""), but all four stages show a slight increas-
ing trend in DOC values by variant (except 3™ stage at 5%
BC variant) compared to the controls. In soil T6 at 3™ and 4
stages in the variant with 5% BC, there was a sharp increase,
then a decrease in the content of DOC. For soil T8, at the
1%t and the 3" stages, there was an increase in DOC values
by variants from the control, but after 120 and 180 days of
incubation there was no variation by variants (Figure 10).

In general, the soils from sites T1, T4 and T6, DOC ex-
hibited increasing trend in the variants with biochar appli-
cation compared to the control soils. These soils are light
in soil texture and poor in humus (Atanassova et al., 2023).
Jozefaciuk et al. (1996) found that sandy soils have low ca-
pacity to retain organic matter, therefore it can be assumed
that biochar application can increase the release of DOC.
Three of the soils (T1, T4 and T6) had a pH of 4-5, which
increased in the process of biochar treatments, and as the
incubation period increased, as well. An increase in pH can
induce deprotonation of functional groups on DOC and total
organic carbon (TOC) molecules, resulting in more soluble
organic carbon. A large number of studies confirm that bio-
char application to soils directly increases soil organic matter
content and soil soluble organic matter stock (Smebye et al.,
2016; Zhang et al., 2016).
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Fig. 10. Dynamics of DOC in water extracts
from the soils of the Aurubis-Pirdop site

Concentrations of anions in soil solutions from the area
of the Medet site

Nitrates

The reported results show that the highest values of nitrates
in the solutions from the Medet region are noted at the 3" stage,
on average of 34.89 mg.I"!, for the other sites there was a de-
crease in the range of 20-22.0 mg.I". Regarding soil reaction

(pH), with values of 4.7-5.0, the soil solutions have a similar
composition to those of the Pirdop Site, but the samples from
Medet, are taken from reclaimed area. In a study by Gronwald
et al. (2015), it was found that biochar from wood shavings is
particularly effective in the adsorption of nitrates, but the type
of reclaimed soil must also be taken into account. An increase
was observed, although low on nitrate content in all the vari-
ants at the 3™ stage, compared to the 1% stage of incubation
and at site T1 and at the 6™ stage, compared to the first and
somewhat in the 4" stage of incubation. It can be summarised
that the nitrate concentrations varied little between different
the variants and the incubation stages (Figure 11).
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Fig. 11. Content of nitrates (mg.l"") in water extracts
from the reclaimed soils of the Medet area

Chlorides

For these soils, we find that the chlorides content was the
lowest during the 1° stage of the study from 2.7 to 6.8 mg.1"".
After 90 and 120 days of incubation, the average chloride
content in the solutions was close to 8.10-7.37 mg.I"'. It was
observed that during the last incubation stage the content of
chlorides slightly increased to 10.56 mg.I"! (Figure 12).

In general, chloride concentrations decreased with BC
variant and increased with time at these sites, similarly to
Aurubis-Pirdop site and our previos study (Simeonova et al.,
2019).
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Fig. 12. Content of chloride (mg.l"") in water extracts
from the reclaimed soils of the Medet area
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Sulphates

The general trend is, little variation of sulphates, simi-
larly to the Aurubis-Pirdop acidic soils, however an increase
was noted at the 6™ stage with 20 % BC added at sites T1
and T7, and no variation at site T4. After summarizing the
results, it is established that sulfate values are the highest in
the variants of T.7 reaching 27 mg.l"!, they are the lowest in
T.4 soil, between 0 and 10.32 mg.I"' (Figure 13).

It can be concluded that a slight increase of sulphates
is obsereved in T1 and T7 soils from BC application, most
probably caused by the increased negative charge on soil
and BC colloids, brought about by the alkalization of the
soil-biocahar adsorption complex.
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Fig. 13. Content of sulphate (mg.l"") in water extracts
from the reclaimed soils of the Medet area

Phospates

The data show that the highest mobilisation of phosphates
was recorded at the 3" (average 1.49 mg.I"") and 4" stages of
the study (average 1.45 mg.l""), with consequtive decrease
at the 6" stage, probably due to irreversible adsorption of
phosphates. No obvious trends were established between the
variants with added biochar and the controls from sites T.1,
T.4 and T.7. It was found that between the first stage (after 30
days) and the sixth period, (after 180 days of incubation), for
sites T4 and T7, there is almost no difference in the content
of phosphate anions (Figure 14).
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The results shows that, from the region of Medet, the
studied anions did not exceed the maximum permissible
concentrations, according to Regulation No. 12/2002. For
Kremikovtsi and Pirdop sites, exceeding is reported, albe-
it slightly, of the MPC for nitrate contents of 50 mg.l"! in
drinking waters. In all the investigated sites, the the MPC
for sulfate contents of 250 mg.1"! in drinking waters are not
exceeded, according to Regulation No. 12/2002.

Dissolved organic carbon (DOC)

The application of different levels of biochar affected the
DOC content of the three soils of the Medet area, differently.
The data obtained from soil T1 showed that the DOC content
increased rapidly after BC application at both sites (after 30
and 90 days of incubation), compared to the controls (from
10 to 17 mg/1 and from 7.2 to 20.8 mg.l"}, respectively). For
soils T4 and 7 we found that there was a slight variation in
organic carbon values at both stages, which decrease for the
higher BC variants.
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Fig. 15. Dynamics of DOC content in the water extracts
from the reclaimed soils of the Medet area

Correlation analysis was performed (at p<0.05): between
the main physico-chemical soil characteristics (pH, electri-
cal conductivity, exchangeable acidity, Ca and Mg contents,
TOC), DOC and anion composition (SO,*; NO,; PO,*) in
the water extracts (Table 2).

A positive significant relationship between phosphate
ions and pH, CEC, exch. Ca, exch. Mg and TOC (R= 0.5840,
R =0.4171, R = 0.4662, R = 0.4182 and R= 0.5406) was
established in the soils of Kremikovtsi region.

For the soils, the Aurubis-Pirdop area DOC has a positive
correlation with phosphates in solution (R = 0.4429). For the
sulphates, there was a significant positive correlation with pH,
electrical conductivity, exchangeable Ca and Mg and pH and a
negative correlation with the clay content (R =-0.5839).

A positive significant correlation between DOC and
CEC was found in the soils of the Medet region. The sulfates
and phosphates anions have a positive correlation with pH,
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Table 2. Major significant correlations between anions and the main physico-chemical soil characteristics
Kremikovtsi Pirdop Medet

Parameters R p -value Parameters R p -value Parameters R p- value
PO,*/pH 0.5840 0.0000 SO,*/pH 0.7087 0.0000 DOC/CEC 0.5793 0.0008
PO,*/CEC 0.4171 0.0009 SO,*/EC 0.9200 0.0000 SO,*/Clay -0.5631 0.0012
PO */Ca_, 0.4662 0.0002 SO Ca_, 0.5783 0.0000 PO,*/pH 0.4432 0.0142
PO Mg . | 04182 0.0009 | sOMg . | 07615 0.0000 NO,/pH 0.5464 0.0018
PO /TOC 0.5406 0.0000 SO,*/Clay -0.5839 0.0000 SO,*/pH 0.4542 0.0117
SO,*/pH 0.7087 0.0000 DOC/NO; 0.5930 0.0006
DOC/PO > 0.4429 0.0000 DOC/PO > 0.5333 0.0024

reflecting a decrease of sorption sites on soil adsorbent with
soil alkalization.

Sources of anions in soil solution

In order to reveal sources of anions and establish possible
associations and interactions among them, Principal compo-
nent analysis (PCA) was performed on the soluble concen-
trations of nitrates, sulphates, chlorides and anionic DOC
forms for the studied soils, from the areas of Kremikovtsi
steel plant, Aurubis-Pirdop copper smelter and the Medet
mine at the 3" stage of incubation.

Kremikovtsi: Two components with eigenvalues > 1 were
extracted, explaining 41.9%, and 27.6% of the total variance
69.5%, respectively. The component matrix (Table 3) reveals
two major components. The 1* was loaded by phosphates and
sulphates and the 2" by DOC. Chlorides shows different be-
haviour and/or sources in the soil. We can suppose that DOC
has different source (supposedly biochar) from sulphates and
phosphates which are low in concentration and and most prob-
ably originate from the soil colloidal complex.

The results of the PCA analysis is confirmed by the cluster
analysis indicating groupings of variables (anions) containing
clusters of similar characteristics and/or sources. The dendro-
gram contains two main clusters, the 1 grouping the sulphates
and phosphates as a sub-branch of the 1* cluster, and the 2",

Table 3. Component matrix of the measured parameters
in the soils of the Kremikovtsi site

Dendrogram using ge Linkage (| 1 Groups)
Rescaled Distance Cluster Combine
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Fig. 16. Cluster analysis with dendrogram
of relationships between the anionic species in the soils
of the Kremikovtsi site

DOC and chlorides, thus indicating different sources.

Aurubis-Pirdop: The data reveal two components with
Eigenvalues > 1. The I* component explains 49 %, and the
2m 28% of total variance 77.4%. DOC is mobilised simulta-
neously with the nitrates and the phosphates, thus confirming
one source, most probably the soil colloidal complex, due to
increased soil alkalisation from BC addition (Table 4). The
sulphate and chloride anions are likely to be mobilised from
the biochar ameliorant, due to their belonging to a different
soil component and the SO, negative correlation with the
clay content.

Table 4. Rotated component matrix of the measured pa-

Rotated Component Matrix® rameters in the soils of the Aurubis-Pirdop site
Component Component
1 2 1 2
DOC ,834 -,037 DOC 817 -, 153
NO, -,852 ,023 NO, ,688 ,469
CI ,396 =314 CI 121 ,929
SO, -,399 ,848 SO, ,036 ,860
PO, ,168 ,943 PO, ,909 ,208
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Fig. 17. Cluster analysis with dendrogram of relation-
ships between the anionic species in the soils of the
Aurubis-Pirdop site

Medet: The data reveal three components with eigenval-
ues > 1, 1% reflects 36%, the 2™ 24.7 %, and the 374 20.5 % of
the total variance of 81.2%.

We discerned the following trends here: DOC is very low
in these soils, and is connected in one cluster with the nitrates
and the phosphates, and is rather mobilised by the soil colloi-
dal complex, than from the biochar. This finding is confirmed
by the significant correlation between DOC and CEC of the
soils Sulphates and chlorides have other sources, ¢.g. biochar,
particulate matter, including unmineralized (Table 5).
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Fig. 18. Cluster analysis with dendrogram of relation-
ships between the anionic species in the soils of the
Medet area

Table 5. Rotated component matrix of the measured pa-
rameters in the soils of the Medet site

Rotated Component Matrix®
Component
1 2 3
DOC ,693 ,058 ,355
NO, , 735 ,372 -,398
CI -,001 ,104 ,909
SO, -,034 ,969 ,108
PO, ,867 -,253 -,089
Conclusions

The results of the incubation experiment shows that the
measured parameters of the soil solution from the investigated
different sites, and soil types show significant dynamics. This
is typical of the behavior of elements in solutions, but makes it
difficult to interpret. It was established that there are no clearly
expressed trends in the content of anions by BC variant for
the different soils. Some trends observed are the following:
Reductions in nitrates are observed, in the Kremikovtsi soils.
The concentrations of sulfates, phosphates, and chlorides in
the solutions vary ununiformly, and there was no clear trend in
sulphates levels with time and BC variants.

In the Aurubis-Pirdop soils, a general trend was that
DOC increased in the variants with biochar application com-
pared to the control soils. For the Medet area, an increase
was observed on NO, content in all the variants of the 6"
stage, compared to the 1* and somewhat at the 4" stage of
incubation. For the sulphates, phosphates and chlorides in-
consistent variation with stage, BC variant and soil type was
noted.

The observed contents and distribution of anions are
due to complex interactions between the solid and the liquid
phase, and their copmposition. The changes in DOC content
are likely controlled by specific processes, occurring between
soluble organic matter and the soil adsorbent (such as pH-de-
pendent adsorption-desorption), soil properties, competition
for sorption sites on soil adsorbent and the biochar etc. PCA
analysis indicates that in the neutral-to alkaline soils, the
source of DOC is the biochar ameliorant, while in the acidic
soils from Auribis-Pirdop and Medet, it can be mainly DOC
mobilized by soil colloids. There were no clear dependancies
of the other anions on the BC doses for the different soil
types and regions, except for the CI" ions, which decreased
from BC application in the acidic soils and the increase of
SO,* ions in the acidic soil from the Medet mine area.
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