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Introduction

Progressing degradation of the soil environment on a global scale has led
to the recultivation of contaminated areas gaining a greater role, as well as set-
ting new trends when it comes to scientific research (Santini & Miquelajauregui,
2022). The search for complex solutions in terms of strategies for protecting
soil resources, the purpose of which is returning the degraded terrain, including
that contaminated with heavy metals, to its renewed use, is the greatest chal-
lenge of modern times. In this context, the method of assisted phytostabilization,
which is included among gentle remediation options and interferes the least in
the environment, finds application (Zhang et al., 2024). The method of assisted
phytostabilization, in addition to its main role, i.e., immobilizing contaminants
in the root zone, can also be used to reconstruct the grass-legume sward in zones
where it was found to have disappeared in connection with the occurrence of high
values of heavy metal concentrations (Lacalle et al., 2023). This multifaceted
strategy not only addresses soil contamination but also contributes to ecosystem
rehabilitation, offering a holistic approach to mitigating the pervasive impacts of
soil degradation on a global scale.

Until now, aided phytostabilization has been the subject of many studies on the
application in vast spreading post-mining areas, excavation sites, and closed waste
disposal sites (Bidar et al., 2016; Teodoro et al., 2020). However, the topic under-
taken in the article pertains to the terrain which is located close to urban areas,
such as industrial plants involved in the recycling of metal and steel waste on vari-
ous scales, where waste is very frequently stored directly on the ground without
any safety measures, and it is these areas that currently present a challenge due to
the need to return them to operational use. In such urban-adjacent environments,
the presence of metal and steel waste without proper containment measures poses
not only environmental hazards but also potential health risks to nearby communi-
ties (Abdulsalam et al., 2020; Dodd et al., 2023).

The global growth of poultry production has resulted in the generation of by-
products, with feathers accounting for around 10% of the waste from the poultry
sector (Kwiatkowski et al., 2013). In the face of the increasing interest in technolo-
gies for the thermal processing of waste, an effective method of utilizing this type
of waste is turning feathers into energy with the use of thermochemical processes
(Daldlio et al., 2017). Taking into account the fact that poultry feather ash (AGF)
is a side product of the thermochemical transformation of feathers, it is necessary
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to find a method for its management. One potential method involves using addi-
tives to assist in the phytostabilization of soil polluted with metals (Radziemska
et al., 2021). The AGF demonstrates a notable adsorption capacity, characterized
by an alkaline pH and a nutrient-rich composition (Fahimi et al., 2020). Conse-
quently, it is capable of effectively immobilizing heavy metals within soil that has
been contaminated by pollutants. This multifaceted approach not only mitigates
metal toxicity to plants, but also enhances soil fertility, promoting the establish-
ment of vegetation in metal-contaminated areas. Incorporating poultry feather ash
as an additive in phytostabilization strategies offers a sustainable and cost-effec-
tive means of addressing metal pollution while facilitating ecosystem restoration
and land remediation efforts (Jagadeesan et al., 2023). In this case, we can speak
of the concept of a closed circuit model of the economy, where recovery and
reuse in new processes, but also reducing the negative influence of waste materi-
als on the environment, is crucial. Such an idea of the circular management of
goods as an element of the strategies of the European bioeconomy poses a chal-
lenge of finding other applications of products or waste than those known to date.
In connection with the above, the objective was to establish the usefulness of AGF
on the soil phytostabilization polluted with metals by evaluating the produce of
Dactylis glomerata L. as well as Cd, Cu, Pb, and Zn contents in its shoots and
roots, at the same time indicating the pH and total exchangeable forms of Cd, Cu,
Pb, and Zn contents.

Material and methods

Soil and properties poultry feather ash (AGF)

The soil was taken from the area storing various types of steel waste located in
the northeast of Poland, which has been exploited for nearly 80 years, according to
the methodology specified in Radziemska et al. (2021). The soil collected exhibited
a slightly alkaline pH of 8.4 +0.1 and a low organic matter content of 1.1 +0.1%.
The soil’s cation exchange capacity (CEC) was measured at 56.8 0.1 cmol-kg™".
The recorded metal concentrations are as follows (in mg-kg™'): Cd — 13.6 +1.4,
Cu—396.8 +10.3, Pb — 10115.4 +£65.1, Zn — 3620.1 £40.2.

The AGF was generated through the gasification of turkey feathers in a fixed
bed gasifier operating at temperatures ranging from 1,000 to 1,200°C, using
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wood pellets. The AGF underwent a milling process prior to the experiments to
achieve particles with a size of 0.5 mm or smaller. Selected parameters of AGF
used as a soil supplement in the method of assisted phytostabilization are com-
piled in Table 1.

TABLE 1. Selected properties of poultry feather ash (n = 3, = standard deviation)

Characteristic Unit Value
Surface area 119
(Brunauer, Emmett & Teller) m2-g!
Total area in pores 0.618
pH - 12.9+0.4
Volatile matter % 1.02 +0.03
Cd concentration <LOD
Cu concentration 2.4 £0.09
mg-kg™!
Pb concentration <LOD
Zn concentration 0.3 +0.03

< LOD - less than the limit of detection.

Source: own elaboration.

Greenhouse study

Before commencing the experiment, AGF was mixed with soil at a 3.0%
(w/w) concentration and subsequently placed in polyethene pots. A series with-
out AGF (0.0%, w/w) was also prepared and designated as the control. The soil-
filled pots were located in a completely darkened room for 14 days to ensure the
soil mixture was fully stabilized. Dactylis glomerata L., with five seeds sowed
per pot, was chosen as the test plant (sourced from an authorized seed produc-
tion center located in Olsztyn, Poland). The plants were watered on alternate
days and were harvested after a period of 51 days. The plants were watered
with distilled water, ensuring they reached 60% of the maximum water-holding
capacity of the soil. Soil moisture content for each pot was regularly maintained
at field capacity every three days. It is worth noting that fertilizers were not uti-
lized in this process to prevent any potential interactions with the amendments.
After this, they were weighed, divided into their respective parts, namely shoots
and roots, and thoroughly cleansed with distilled water.
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Physicochemical properties of plants soil and AGF

Soil samples and AGF were pH-tested in distilled water (1 : 2.5 w/v) via
HI 221 pH meter. Organic matter in soil and volatile matter were determined by
sample ignition in a muffle furnace at 550°C for 4 h (Jeong & Kim, 2001). Volatile
matter in ash was determined in a muffle furnace at 950°C for 6 min (Liu et al.,
2014). The samples were mineralized in a concentrated mixture of HCI (concen-
tration: 1.16 g-cm™>, 38%), HNO5 (concentration: 1.40 g-cm™, 65%), and H,0,
(concentration: 30%) using a microwave oven. Total concentrations of Cd, Cu, Pb,
and Zn were estimated with a spectrometer Varian, AA28OFS. The exchangeable
soil metal fractions were determined according to Pueyo et al. (2004). The shoots
and the roots of the tested plant were mineralized in HNOj5 p.a. and 30% H,0,
using a microwave oven.

Statistical evaluation

Statistica 13.3 (StatSoft) was used to conduct the statistical analysis. ANOVA
was used to calculate significant differences between the groups (control and
AGF) for the Cu, Cd, Pb, and Zn concentrations and in the average values of
plant biomass for these same groups. Upon carrying out ANOVA, Tukey’s test
was conducted to identify significant differences. All analyses were carried out at
a significance level equal to 5%.

Results and discussion

Chemical parameters of soil after phytostabilization

The main aim of treatments used to immobilize heavy elements in the soil is
to increase the pH value, thereby decreasing their bioavailability (Alvarenga et al.,
2009; Radziemska et al., 2022). Upon carrying out the AGF-assisted phytostabili-
zation experiment, soil pH was found to be slightly alkaline (pH 8.5-8.1) in both
amended and control soils (Fig. 1). This alkaline pH can be attributed to the pres-
ence of alkaline compounds, such as calcium carbonate and calcium oxide, in AGF
(Fahimi et al., 2020; Gusiatin et al., 2020). When AGF is applied to the soil, these
alkaline compounds dissolve and react with soil moisture, releasing hydroxide ions
(OH-) into the soil solution, consequently raising the soil pH towards the alkaline
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range. Additionally, AGF may also act as a buffer, neutralizing soil acidity resulting
from metal contamination (Hedayati, 2022). This proves the usefulness of applying
byproducts of the thermochemical conversion of feathers in the context of increas-
ing the value of soil pH subjected to aided phytostabilization treatments. Positive
results were also obtained in studies where this type of soil amendment was applied
to soils that had undergone long-term contamination with Cu, Ni, Cd, Pb, Zn, and
Cr, where Lupinus luteus L. was the test plant, in which pH increased by 1.42 units
upon completion of the experiment (Radziemska et al., 2021).
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FIGURE 1. Levels of pH in amended and control soils following poultry feather ash (AGF) assisted
phytostabilization. Lowercase letters show statistically significant differences among control and AGF
treatments for a given metal (p < 0.05)

Source: own elaboration.

Both mobilities, as well as the availability of heavy metals in soils, depend on their
total concentration as well as exchangeable forms. The content of the analyzed heavy
metals in the soil at the end of the experiment was significantly dependent on AGF as
a soil amendment (Fig. 2). Linked with the control, the treatment with AGF reduced the
exchangeable form of Zn, Cu, Cd, and Pb by 25%, 23%, 20%, and 12%, respectively.
This reduction can be attributed to the sorptive properties of AGF, which effectively
bind heavy metals in the soil, thereby decreasing their solubility and availability for
leaching (Moon, 2019). The sorption process involves multiple mechanisms, includ-
ing adsorption, precipitation, and complexation, facilitated by AGF’s high adsorp-
tion capacity owing to its porous structure and extensive surface area (Table 1).

Heavy metals present in the soil solution can readily bind to the surface of AGF
particles, leading to a decrease in their concentration in the soil water and mitigating
their potential for leaching. Additionally, the alkaline nature of AGF promotes the
precipitation of heavy metals as insoluble hydroxides or carbonates, further immobi-
lizing them within the soil matrix (Fahimi et al., 2020). As a result, soil quality was
improved; the lower availability of heavy metals reduces their risk of leaching into
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FIGURE 2. Content of heavy metals in soils

Source: own elaboration.

the groundwater and surface waters (Mohamed et al., 2023; Shahrokh et al., 2023).
The reduction of complete forms of Cu and Zn, on the other hand, was decreased in
both cases by 35%, with Pb and Cd by 20% and 17%, respectively, when likened to
the control series. The obtained results clearly indicate that the addition of AGF can
effectively decrease the mobility of Cd, Cu, Pb, and Zn in the soil. These findings
are consistent with previous studies that showcased the remarkable efficacy of waste
chicken feather-derived hydrolysates initiated by malic acid (Solcova et al., 2024).
Authors demonstrated notable extraction efficiencies for various heavy metals from
industrial soil, including 100% for As, 34.4% for Cr, 0.6% for Cu, 29.5% for Fe,
9.5% for Mn, 19.8% for Ni, and 19.8% for Zn. The parallels between our findings
and those of Solcova et al. (2024) highlight the potential of utilizing agricultural
waste-derived solutions for both extraction and immobilization purposes, offering
a comprehensive approach to addressing heavy metal contamination in soils from
industrial settings.
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Dactylis glomerata L. biomass and chemical composition

Maintaining an adequate vegetation layer in areas exposed to long-term pollu-
tion with heavy metals is one of the key reasons why treatments taking advantage
of aided phytostabilization have been gaining so much popularity. According to
Beddows (1959), Dactylis glomerata L. exhibits satisfactory growth at pH levels
between 6.0 and 7.0, but also tolerates values as high as 8.5. This dependency held in
results connected to the plant yield upon completion of the experiment. It was shown
that the plant field of Dactylis glomerata L. is significantly dependent on the Cu, Cd,
Pb, and Zn contents in the soil, as well as the addition of AGF (Fig. 3).

Biomass
Control Ha
e ——
0 5 10
mg-pot™

Above-ground parts

cd
Cu
0 150 300
mg.kg‘i | i
Roots - . (
a
&n ! b
BAGF - a
o Control . d
Cd p
cu 55
0 2000 4000 6000

mg-kg™

FIGURE 3. Plant biomass after phytostabilization with poultry feather ash (AGF) and metals concen-
tration in shoots and roots of Dactylis glomerata L. Lowercase letters show statistically significant
differences between control and AGF treatments for a given metal (p < 0.05)

Source: own elaboration.
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The use of the analyzed soil amendment had a positive influence on the yield of
the tested plant, which was 31% higher in this case when compared to the control
series. This observation was similar to that reported by Radziemska et al. (2021),
where the positive impact of AGF on Lupinus luteus L. growth was also observed.
In the case of the mentioned studies, the test plant yield was 28% higher than in the
control series. Similarly, Adekiya et al. (2019) demonstrated the beneficial effects
of poultry feathers on soil characteristics, growth, and yield of tomato plants.
The observed increase in plant yield following the AGF application was attributed
to improvements in soil physical and chemical properties, enhanced nutrient avail-
ability, and the promotion of beneficial microbial activity. The combination of these
factors creates a favorable environment for plant growth and development, ultimately
leading to higher yields. One of the main advantages of applying various types of soil
amendments to contaminated soils is stabilizing or restricting the mobility of heavy
metals in the rhizosphere (Shackira & Puthur, 2019). In the carried out experiment,
the roots of Dactylis glomerata L. were characterized by significantly higher con-
tents of Cu, Cd, Pb and Zn, both in the control series as well as upon adding AGF to
the soil. This dependency has been confirmed in the studies of other authors, in case
of which the tested plants revealed higher heavy metal contents in their roots than
in the shoots (Ivanov et al., 2003; Franco-Hernandez et al. 2010; Khanthom et al.,
2021). The higher accumulation of heavy metals in the roots of Dactylis glomerata L.
can be attributed to two main factors: rhizosphere acidification and chelation pro-
cesses, as well as the high cation-exchange capacity of cell walls (Sumiahadi & Acar,
2018; Shrivastava et al., 2019). Rhizosphere acidification and chelation processes
involve plants releasing protons into the soil through plasma membrane-localized
proton pumps, which lowers the pH of the rhizosphere. This acidification increases
the solubility of metal ions, making them more available for root uptake (Sumia-
hadi & Acar, 2018). Additionally, plants exude low-molecular-weight compounds,
such as organic acids and phytochelators, into the rhizosphere. These compounds
form stable complexes with metal ions, enhancing metal uptake by plant roots (Rasci
& Navari-lzzo, 2011). Furthermore, the high cation-exchange capacity of cell walls
in root tissues plays a crucial role in limiting the translocation of heavy metals to
shoots (Cui et al., 2021). Cell walls contain negatively charged sites that attract and
bind positively charged metal ions, effectively immobilizing them within the root
tissues. This restricts the movement of heavy metals to shoots and leaves, leading to
their preferential accumulation in the roots (Shrivastava et al., 2019). Upon applying
AGF as an additive aiding phytostabilization, the higher concentration of heavy met-
als in the roots of Dactylis glomerata L. was most apparent for Cu, Cd, Pb, and Zn.
In this case, the contents of individual metals were higher by 16%, 37%, more than
twice as high, and 12% when compared to the control series.
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Conclusions

The application of AGF had a positive influence on the Dactylis glomerata L.
plant yield. The plant biomass was 31% higher in pots to which AGF had been
applied, as compared to the control series. The roots in the series with AGF were
characterized by higher values of the analyzed heavy metals in relation to the shoots,
which was noticeable in the case of Pb (over twice higher) and Cd — 37%. AGF influ-
enced an increase in the pH values of soil (by 0.4 units) and to the highest degree
limited exchangeable forms of Zn (25%), Cu (23%), Cd (20%), and Pb (12%) as well
as total forms of Cu (35%), Zn (35%), Pb (20%) and Cd (17%) in the soil as com-
pared to the control series. To sum up, the application of this type of waste material
can be an important element of studies on the technologies of managing and reusing
waste products in environmentally friendly solutions. What is more, the introduction
of AGF as a soil amendment is an advancement in terms of environmental engineer-
ing activities in the scope of soil protection, facilitating the usefulness of the method
of assisted phytostabilization, both in terms of the effectiveness of immobilizing
heavy metals as well as the development of plant biomass in the contaminated area.
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Summary

Ash from gasification of poultry feathers for heavy metal immobilization under
assisted phytostabilization in soils. The carried-out experiment aimed to assess the influ-
ence of ash derived from the thermochemical conversion of feathers (AGF) as a soil amend-
ment, and Dactylis glomerata L. as a test plant in aided phytostabilization of soil strongly
contaminated by Cu, Cd, Pb and Zn. The influence of AHG on the chemical properties of soil
(pH as well as total and CaCl,-extracted heavy metals) as well as the plant yield and concen-
tration of heavy metals in the roots and shoots. The applied soil amendment influenced an
increase in the pH values of soil (by 0.4 units) and a reduction in CaCl,-extractable forms of
Zn (25%), Cu (23%), Cd (20%) and Pb (12%), as well as total forms of Cu (35%), Zn (35%),
Pb (20%) and Cd (17%) in the soil. The plant yield of the shoots of Dactylis glomerata L.
following the application of AGF was 31% higher when compared to the control series. The
roots of the tested plant in the AGF series contained higher values of the analyzed heavy met-
als in relation to the shoots, which was especially visible in the case of Pb (more than twice
as high) and Cd (37%).



