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Abstract. The potential for integrated utilization of industrial wastes from the pulp and paper industry — wood bark
ash (WBA), slag (SLP), and fly ash from plant residues (FAPR), as well as limestone sludge (LS) from a company
processing Vratsa limestone is investigated. The aim is to assess, through specific indicative analyses, their suit-
ability for use as soil improvers for acidified soils. The chemical composition of the samples was quantified, and
the corresponding oxide forms (CaO, K,0, MgO, Fe,0;) were calculated. The CaO content ranges from 15.8%
(SLP) to 45.4% (WBA), indicating a high neutralizing capacity. XRD analysis confirms the presence of reactive
carbonate and silicate phases. The results show a dual mechanism of action when mixing the different wastes — an
initial rapid source of organic carbon with a biostimulating effect, followed by stable and long-term improvement
of soil structure. The combined application of these wastes could lead to the implementation of circular economy
principles through industrial symbiosis, reducing landfilled waste and increasing soil productivity.
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Introduction

In global practice, the application of sustainable
waste management methods is becoming increas-
ingly widespread. Scientific studies also follow
this trend, incorporating waste materials, includ-
ing those generated from limestone processing.
One of the main opportunities for the valorization
of such waste within the circular economy frame-
work is their use as soil improvers or as neutralizing
agents for acidic soils (Puche et al., 2024; Scioti et
al., 2024). Mixing calcium carbonate with various
types of waste, such as sludges, wood ash, or other
forms of biomass, offers an alternative approach for
producing soil improvers for acidic soils (Muraro et
al., 2025; Javed et al., 2024). The dynamics of cal-
cium in the soil solution must be known extremely
well. It must be leading in the further planning of
actions for the purification of soils, since the cal-
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cium content of the soil exerts a decisive influence
both on its reaction and its structure, and on the bio-
logical processes in it, and on the durability of its
adsorption complex (Medaiyese et al., 2023). The
amount of exchangeable calcium in Bulgarian soils
is greater, from 3 to 50 mgeq/100 g soil. The lack
of calcium in the soil exerts a strong influence on
the subsequent development of plant species grow-
ing on these soils. Various disturbances may occur
in plant organisms, such as impaired photosynthesis
and undeveloped root system and leaves (Muraro et
al., 2025).

Carbonate rocks are a valuable resource used
in various sectors, with the main consumers of in-
dustrial minerals being the construction and other
industries such as the production of cement, re-
fractory, glass, porcelain, faience, sanitary ware,
chemicals, paper, food and others (Careddu, Mar-
ras, 2015).
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The total extraction of industrial minerals in
2023 in Bulgaria was approximately 13 million
tons, which is 9% more than in 2022. The share of
dimension stones is about 0.4% of the total extrac-
tion, while for “Limestone and dolomite for crushed
stone ” the estimated range is 21-36 million tons. An-
nually, about 1.77 million tons of dimension stones
are processed, while active quarries for decorative
stones contribute approximately 8,000 m?3/year
of blocks and 40,000 m*year of slabs or massive
pieces (NSI, 2024).

According to data from the Ministry of Envi-
ronment and Water (MOEW) of Bulgaria, the to-
tal amount of waste generated from this processing
exceeds 1 million tons per year of calcite—silicate
sludge, which represents more than half of the raw
material used (Bulgarian MOEW, 2023).

The selection of an appropriate long-term solu-
tion for the treatment of limestone waste should be
based not only on the technical feasibility of the
available methods, but also on all other influencing
economic, environmental, and social aspects (Fus-
sone et al., 2025).

The pulp and paper industry belongs to the sec-
ondary processing economic sector in Bulgaria. It
is characterized by high specific consumption of
labor and water, generation of various pollutants
in the environment, and significant consumption
of heat and electric energy. The main resource for
production is wood representing a complex and het-
erogeneous material both anatomically and chemi-
cally. Wood bark is a waste generated from wood
processing. There are various possibilities for the
utilization of wood bark, such as the production of
corks and the extraction of tannins. The literature
also reports studies on the production of construc-
tion materials and polymers (Bretzel et al., 2024;
Turner et al., 2022). The second possible direction
for utilization of the bark is for the manufacture of
products for agriculture such as compost fertilizers,
“soil tonic”, and coarse feed for animals (Filho et
al., 2025). The third direction is the use of bark as
fuel. For improvement of the combustion processes,
technologies for drying, crushing, and briquetting
of the bark are conducted and this processing in-
creases the calorific value (Tambunan, 2023). The
thermal energy obtained from briquettes is 13.3%
cheaper than that obtained from wood and the trans-
port costs are 2.5 times lower. The fourth direction
for the processing of bark is the extraction of use-
ful derivatives from this resource (Supriyadi et al.,
2025; Szmechtyk, Matecka, 2024).

The aim of the study is to establish the possi-
bilities for connections between different industrial
wastes by assessing the potential for their integrat-
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ed utilization. For that purpose, different types of
fly ashes and slags generated from the burning of
wood bark (WBA) and various plant green resi-
dues (FAPR). Fly ash was collected from electro-
static precipitators and slag from the boilers during
burning of waste from pulp and paper industry in
combination with limestone sludge (LS), as well as
a waste from the processing of products made of
natural stone.

The hypothesis is that these waste materials can
be used in agriculture as soil improvers capable of
neutralizing acidic soils, which are widely distrib-
uted in the region. Their application would return
carbon-containing compounds to the soil, improv-
ing its structure, enhancing biomass production, and
increasing the uptake of essential nutrients (Ojewu-
mi et al., 2023; Javed et al., 2024; Medaiyese et al.,
2023). Such use supports industrial symbiosis with
economic benefits and new market opportunities,
while contributing to carbon footprint reduction, the
utilization of secondary resources, and improved
regulatory and social sustainability (Fussone et al.,
2025; Puche et al., 2024).

Materials and methods

The ash from the combustion of wood bark is
formed as a result of the operation of a boiler us-
ing a biomass waste from a pulp and paper produc-
tion plant in Bulgaria (Svilocel JSC). The ash from
wood bark combustion is separated under the grate
of the combustion chamber and from the electrostat-
ic precipitator for flue gas purification. In the pre-
sent study, the fly ash from the electrostatic precipi-
tator (WBA) is used. This ash is a valuable resource
because potassium occurs in the form of potassium
carbonate, unlike classical complex NPK fertilizers
where potassium is in the form of chloride, sulfate,
and rarely nitrate (Serafimova et al., 2011). Wood
bark ash has highly alkaline character, which makes
it a suitable product for the treatment of acidic soils.
A favorable precondition for this ash is also the
presence of certain amounts of other nutrients.

The generated quantities from WBA are 7 kg per
ton or about 800 tons per year. In the same plant,
there is another thermal installation that utilizes
various types of plant residues from agricultural
producers. The combustion temperature and heat of
burning are around 1000-1100 °C. The combus-
tion temperature itself implies the formation of ash
(FAPR) and slag (SLP), which result from com-
bustion.

In fact, the amount of ash obtained during burn-
ing is always greater than the amount of mineral



substances contained in the wood. The ash content
depends primarily on the type of wood. The bark, as
well as the leaves and roots of different plant spe-
cies, contain higher amounts of mineral substanc-
es (from 4 to 7% ash after combustion). The data
presented here refer specifically to this production
process and to the raw materials and waste streams
generated within it.

The waste generated in this process is officially
classified by the (MOEW) of Bulgaria as inert and
is disposed of in landfills. It contains carbonates of
potassium, sodium, magnesium, iron, and manga-
nese. In addition to carbonates, sulfate, phosphate,
and chloride salts are also formed.

In the current study, limestone sludge (LS) was
used. This is a waste generated during the process-
ing of Vratsa limestone in the cutting and installa-
tion of products made from natural stone from the
company “PMG-Stone” Ltd. At present, this waste
is landfilled in accordance with the requirements of
the integrated permit. When such waste is depos-
ited and stored, it reduces the permeability of the
upper soil layer, and consequently also significantly
decreases permeability in deeper layers. Over time,
this leads to problems with water infiltration from
the surface into the lower layers of the soil profile
and may create a risk of air pollution with fine par-
ticulate matter. It also has an adverse impact on the
landscape of the area where it is stored.

Sampling was performed in accordance with EN
14899:2005 (Characterization of waste — Sampling
of waste materials) using 30 grab samples collected
over a period of 10-15 days, twice daily from dif-
ferent locations.

The slag was collected from the space beneath
the grate of the combustion chamber, the fly ash
from the electrostatic precipitator after cooling of
the gas stream, and the limestone sludge from the
storage landfill, where samples were taken from the
surface layer (0—20 cm) and from a depth of up to
50 cm at a minimum of three different points within
the site.

The C, H, and S content was determined us-
ing an Elemental Analyzer FlashSmart EA CHNS
(Thermo Scientific™, Germany) in the accredited
laboratory ECOTEST at the Central Research Lab-
oratory of the University of Chemical Technology
and Metallurgy. Calibration for sulfur was carried
out with certified pure substances, and the result-
ing calibration uncertainty ranged from 16% at low
to 4% at high sulfur concentrations. Additional el-
emental analyses, including the determination of
heavy metals (Pb, Cd, Cr, Ni, Zn, Cu, As) and other
major and minor elements, were performed using an
ICP-OES spectrometer SPECTRO ARCOS (SPEC-

TRO ANALYTICAL INSTRUMENTS, Germany)
in the accredited laboratory Eurotest-Control. The
calibration uncertainty for ICP-OES ranged from
15% to 3%, depending on the element concentra-
tion. The measured elemental concentrations were
subsequently recalculated into their corresponding
oxide forms. The pH measurements were performed
in the accredited laboratory ECOTEST at CRL-
UCTM using an ORION STAR A 211 pH meter
(Thermo Scientific, USA). The instrument was
calibrated with certified reference materials at five
calibration points, all of which are metrologically
traceable to NIST.

Phase composition was determined using a
PANalytical Empyrean X-ray diffractometer in
the Laboratory for X-ray Diffraction Methods and
Computer Tomography at the Institute of Physical
Chemistry “Acad. Rostislaw Kaischew”, Bulgarian
Academy of Sciences. The measurements were per-
formed using a 0—6 goniometer configuration with a
flat sample stage. Cu Ko radiation was used (K-al =
1.54060 A, K-02 = 1.54443 A; K- =1.39225 A) at
generator settings of 40 kV and 30 mA. Data were
collected in the 20 range from 5.03° to 79.97°, with
astep size 0f 0.053° 20 and a scan time 0f 93.33 s per
step, using continuous scanning in PSD mode (PSD
length 3.35° 26). A fixed divergence slit of 0.5°
was applied, with a goniometer radius of 240 mm.
Measurements were carried out at 25 °C, without
sample spinning or incident-beam monochromator.
Fine calibration of the instrument was performed,
with a 20 offset of —0.0004°.

Result and discussion

Chemical analysis is a key step in assessing the po-
tential for integrated utilization of waste materials.
It enables the quantification of heavy metals, the
evaluation of neutralizing capacity, and the determi-
nation of macro- and microelement content, which
together define the effectiveness of the material.
In Table 1, the results of the conducted chemical
analysis are presented, and the obtained results are
shown as oxides in order to illustrate the neutraliz-
ing and mineral potential of the wastes.

The content of heavy metals (Pb, Cd, Cr, Ni,
Zn, Cu, As) was determined. For Pb the Maximum
Permissible Concentration (MPC) is 120 mg/kg,
SLP =15 mg/kg, FARP=16 mg/kg; LS=0,0027 mg/kg;
WBA = 77 mgkg. For Cd MPC = 3,0 mgkg,
SLP =0,66 mg/kg, FARP = 1 mg/kg; .S<0,005 mg/kg;
WBA = 1,11 mg/kg. Cr: MPC = 200 mg/kg,
SLP =42 mg/kg, FARP =25 mg/kg; LS<0,005 mg/
kg; WBA = 21,9 mg/kg. Ni: MPC = 150 mg/kg,
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Table 1. Chemical composition of waste materials expressed as oxides (%, dry mass)

Oxide WBA LS SLP FARP
AlLO, 0.060 0.060 3.02 227
Fe,0, 0.077 0.077 1.76 1.50
CaO 45.4 40.69 15.80 42.63
MgO 1.29 0.28 1.50 1.38
K,0 2.00 0.033 1.34 1.34
Na,O 0.36 0.069 0.38 0.38
MnO 0.003 0.003 0.21 0.26
P,0O, 0.72 - 0.68 0.95
SO, 3.40 - 0.47 0.15
Total oxides (X major) 50.4 41.2 25.2 50.9
pH (H,0) 12.64 9.79 11.49 12.28
Elemental analysis

C 46.15 - 11.21 10.74
H 6.23 - 1.05 0.95
S 1.36 — 0.19 0.06

SLP =27 mg/kg, FARP = 19 mg/kg; L.S<0,010 mg/
kg; WBA=18,6 mg/kg. Zn: MPC = 400 mg/kg,
SLP=243 mg/kg, FARP=122mg/kg; LS=0,0012 mg/
kg; WBA=270 mg/kg. Cu: MPC=300 mg/kg,
SLP 77 mg/kg, FARP = 60 mg/kg; L.S<0,005 mg/
kg; WBA = 179 mg/kg. As: MPC=25 mg/kg,
SLP=7 mg/kg, FARP = 5 mg/kg; LS<0,10 mg/kg;
WBA = 11,2 mg/kg. It was found that there is no
exceeding of the maximum allowable concentra-
tions according to Ordinance No. 3/2008 and in-
ternational regulations (CCME, EU 2019/1009).
These values predetermine the safety application of
wastes in the soil system. The main oxides identi-
fied in the samples are CaO, K,0, MgO, and Fe,0,.
The presence of calcium oxides varies from 15.8%
for SLP to 45.4% for WBA. These data show that
the samples have a high neutralizing potential to-
ward soil acidity. When applied the wastes to acidic
soils, there would be an alkalizing effect increas-
ing pH and reducing the toxicity of AI**. There are
also available forms of microelements typical for
biomass, such as Fe, Mn, Zn, and Cu. The obtained
results show that the investigated materials have the
potential to improve soil structure. This is attributed
to their high calcium oxide content (15.8-45.4%)
and strongly alkaline pH (9.79-12.64), which lead
to the neutralization of soil acidity and the stabili-
zation of soil aggregate structure. The presence of
macro- and microelements (K,0, MgO, Fe,O,, P,O,,
SO,) also contributes to enhancing the soil’s nutri-
tional status. The extent of these effects depends
directly on the bioavailability of the elements and
their extractability under specific soil conditions.
They provide micronutrients for plants and activate
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soil enzymes. Although in small amounts (0.8-2%),
the presence of macronutrients such as Mg and K
improves the soil solution and thereby supports the
balance of Ca-Mg—K cations.

The phase composition was determined by
XRD and confirmed the potential reactivity of the
wastes. The results for WBA show the presence of
CaCoO,, Si0,, and K,Ca(CO,),. The carbonates in
the wood bark ash provide a significant effect as a
liming agent. Fairchildite also delivers fast and eas-
ily available potassium, which could be considered
a valuable source for fertilization. In turn, the fly
ash from burning of different plant residues (FAPR)
gives typical diffraction peaks of CaCO, (Calcite
corresponding to reference card ICDD PDF 01-076-
2712) and SiO, (quartz identified through reference
card ICDD PDF 01-075-8320). This provides a
premise for good neutralization, without loading
the system with additional salts. In SLP, crystal-
line phases such as CaCO, (calcite determined us-
ing reference card ICDD PDF 01-076-2712), SiO,
(quartz corresponding to reference card ICDD PDF
01-087-2096), and anorthite (CaAl,Si,0, — ICDD
PDF 00-041-1486) were identified. They are char-
acterized by a moderate liming effect, as anorthite
has a slow and prolonged release effect of Ca and
Si. SLP in the long term, could supply portions of
these elements, which would support soil structural
stabilization with the possibility of forming second-
ary clays.

The CHS analysis (Table 1) in the present study
provides information regarding the H/C atomic ra-
tio. It serves as an indicator of the degree of stabil-
ity and aromaticity of carbon. On the other hand,



sulphur allows a verification of the values obtained
from the ICP analysis and assessment of the sulfate
load and the risk of soil salinization when applying
the waste as a soil improver. The H/C ratio in WBA
is 1.61% (Xiao et al., 2016), which indicates a fast
release effect of organic carbon. This leads to rapid
biodegradability and the possibility for microorgan-
isms to use organic carbon as an energy source, ac-
cessible for other compounds and with the ability to
enter into the composition of humic acids. This pro-
cess plays a biostimulating role and provides sul-
fur as an important nutrient element, but there is a
risk of salinization. In turn, SLP and FAPR have an
identical H/C ratio, which makes them more stable
over time (EBC, 2012). Such ratio will bring long-
term improvement to the soil and with additional
fertilization will limit nitrogen losses, which will
lead to a lower fertilization rate and will improve
water retention.

Conclusion

The conducted study found that the wastes from the
pulp and paper industry (WBA, FARP, SLP) and
limestone sludge (LS) can be considered valuable
secondary resources with potential use as soil im-
provers.

The chemical composition confirms their appli-
cability as agrochemical additives with a dual func-
tion — both as neutralizing agents and as sources of
nutrients. When mixed, they are expected to achieve
an optimal balance between alkalinity, nutrient
composition, and environmental safety, providing
a rapid soil-improving effect combined with long-
term structural stability and carbon retention.

This determines their consistency with the prin-
ciples of the circular economy and sustainable waste
management. The combination of these materials
could contribute to reducing the carbon footprint
of company operations, while globally minimizing
the use of traditional raw materials. This fully aligns
with Goal 12 of the United Nations Sustainable De-
velopment Goals — “Responsible Consumption and
Production.” In this way, lower energy consump-
tion and reduced CO, emissions are achieved, in ac-
cordance with the priorities of the European Green
Deal and strategies for agricultural decarbonization.

From an agroecological perspective, the appli-
cation of these wastes in agriculture improves the
structure and buffering capacity of acidic soils. This,
in turn, is part of sustainable agriculture, achieving
a balance between productivity, preservation of
natural resources, and environmental protection. If
applied in an integrated manner, they could provide

both an agrochemical effect and a contribution to
circular economy goals by reducing the volume of
landfilled waste and reintroducing mineral elements
back into the biogeochemical cycles. In the long
term, such an approach represents a practical tool for
achieving industrial symbiosis, promoting resource
efficiency, and building a low-carbon economy in
accordance with European environmental policies.
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