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The impact of heavy metals on plant organisms and methods
of their analysis: an overview

This review provides a detailed analysis of the impact of heavy metals on plant organisms, with a focus on
the specific issue of aluminum toxicity in Kazakhstan’s industrial regions. The rapid expansion of mining and
metallurgical industries has resulted in elevated pollutant emissions, with aluminum posing a significant envi-
ronmental risk. Unlike other metals, its phytotoxicity manifests indirectly through soil acidification caused by
acid rain (resulting from SO, and NOy emissions), which mobilizes toxic AI** ions from aluminosilicates.
The Pavlodar region serves as a case study to examine secondary aluminum contamination and its major ef-
fects on plant roots, including growth inhibition, cytoskeleton disruption, mineral nutrient imbalance, and ox-
idative stress. The review compiles data on heavy metal accumulation in plants across Kazakhstan and criti-
cally evaluates advanced analytical techniques (ICP-MS, XAS, EXAFS) that are essential for determining
aluminum bioavailability and toxicity. It also highlights the role of plants as bioindicators and the potential of
phytoremediation technologies. Based on current research, the review recommends adaptive measures for
Kazakhstan, including soil liming, the use of aluminum-tolerant plant species, and implementation of modern
environmental monitoring to reduce ecological risks and maintain ecosystem productivity.

Keywords: heavy metals, aluminum, phytotoxicity, industrial pollution, acidic soils, environmental monitor-
ing, bioavailability, phytoremediation

Introduction

The rapid pace of world development and its inevitable consequences significantly influence the envi-
ronment, state, and stability which are closely related to human health and life. The transition from socio-
economic development to industrialization in the past century led to the predominance of industrial produc-
tion in the economy. The consequences of past industrial development are reflected in the current state of
resources and the sustainable development of the environment. Despite modern society’s transition to a new
stage of industrialization based on engineering, intellect, and automated IT technologies, the impact of indus-
try and the degree of anthropogenic influence reach critical levels every year [1].

Kazakhstan is one of the largest producers and exporters of nonferrous and rare metals, including lead,
copper, and zinc, as well as coal and oil. The rapid growth of industry, not always accompanied by adequate
measures for environmental protection, leads to the accumulation of toxic chemical elements present in
emissions in the soil, water, and vegetation, which has significant long-term ecological consequences. High
levels of pollution are observed in areas where metal mining and processing are actively conducted, such as
lead, cadmium, zinc, copper, chromium, and others. These elements enter the environment through atmos-
pheric emissions, wastewater, and industrial waste, leading to their accumulation in vegetation, soil, and wa-
ter [2]. Special attention is given to the stress exerted on the environment, where heavy metals (HMs) are
considered a significant factor [1]. Overall, HMs are natural components of the Earth’s crust, but anthropo-
genic activities result in a radical alteration of their biochemical balance and geochemical cycle [3]. As a re-
sult of being released into the atmosphere, they can travel long distances, with air masses settling on vegeta-
tion and soil. Under the influence of abiotic factors, HMs penetrate plant tissues initially due to plants’ need
for certain chemical elements. However, excessive accumulation later leads to a negative impact on plant
life. The problem of heavy metal pollution is particularly acute in areas concentrated with large enterprises in
the mining and metallurgical industries, as well as along major transportation routes.
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Kazakhstan is facing a serious ecological situation related to high concentrations of heavy metals in var-
ious country regions. In particular, it is known that five settlements in Kazakhstan (Karaganda—high con-
centration of coal industry, metallurgical plants, and intense automotive traffic; Astana—automotive
transport, heating (coal and gas), construction, and overall urbanization; Talgar—agriculture, increasing traf-
fic flow, and construction in the suburbs of Almaty; Aktobe—intensive development of chemical and metal-
lurgical industries, as well as increased vehicle traffic; Aksai—industrial development, transportation load,
and local heating) are classified as cities with very high air pollution. Additionally, another 21 cities are clas-
sified as having high pollution levels, and 28 cities have elevated pollution levels. According to data from the
Department of Environmental Monitoring of the Ministry of Ecology and Natural Resources of the Republic
of Kazakhstan over the past five years (from 2020 to 2024), a consistently high level of air pollution has
been observed in Astana and Karaganda. The main pollutants for these cities are suspended particles (dust),
PM-2.5 and PM-10 suspended particles, carbon monoxide, nitrogen oxides, and hydrogen sulfide [4].

Despite the traditional association of heavy metal pollution with elements such as lead, cadmium, and
mercury, the issue of aluminum (Al) toxicity is becoming increasingly relevant in the context of intensive
industrial development. This is particularly true for the Pavlodar region of Kazakhstan—a key industrial hub
that hosts major energy facilities (Ekibastuz GRES), aluminum production, and oil refining enterprises. The
paradox of aluminum pollution lies in the fact that its main source is not direct emissions, but secondary con-
tamination processes. Massive emissions of sulfur dioxide (SO;) and nitrogen oxides (NOy) from coal com-
bustion and industrial activities lead to acid rain. Acidification of the soil environment (pH < 5.0) causes the
dissolution of natural aluminosilicates, resulting in the release of AI** ions into the soil solution—the most
toxic form of aluminum for plants [5-7]. Thus, although aluminum is not a platinum-group metal in terms of
density, it represents a classic example of an “ecotoxicant”, whose negative impact on ecosystems is directly
linked to anthropogenic activities and constitutes a dominant stress factor for plants in industrial regions with
acidic soils.

Pollution by heavy metals has long-term negative consequences for human health. The risk of heavy
metal poisoning can arise through several pathways: inhalation of polluted air, consumption of contaminated
food (especially vegetables and fruits that accumulate toxic substances from the soil), and through contami-
nated drinking water, into which chemical elements often enter through air masses. The impact of this pollu-
tion on ecosystems primarily manifests itself in the disruption of biochemical and physiological processes in
plants. Heavy metals have the ability to accumulate in plant tissues, leading to reduced growth, productivity,
and photosynthesis capacity. Soil forms a close connection with plant organisms. Excessive accumulation of
pollutants in plants often depends on soil properties and conditions, which, after reaching certain thresholds,
stimulate the mobility of pollutants from soil to plants [3]. The entry of toxic substances into the food chain
can harm not only vegetation but also animals and humans. The urgency of the problem lies in the fact that
heavy metals have a cumulative effect, meaning they accumulate in the body and can cause chronic diseases,
including severe damage to the kidneys, liver, and nervous system, as well as increase the risk of developing
cancer [8]. The problem of aluminum toxicity, while distinct in its mechanism, adds another layer of urgency
to this issue. Its impact is not through direct accumulation in the food chain like cadmium or lead, but
through the large-scale degradation of the very basis of agricultural and natural ecosystems—the soil itself.
In regions like Pavlodar, this leads to a silent but steady decline in soil fertility and plant productivity, posing
a direct threat to food security and environmental health [9].

In Kazakhstan, particularly in areas exposed to pollutants, there has been an increase in morbidity
among the population, including a rise in cases of diseases associated with the accumulation of aluminum,
lead, cadmium, and other toxic substances in the body. Furthermore, chronic exposure to bioavailable
aluminum (Al), mobilized from soils by industrial acidification, has been linked to neurodegenerative
disorders and bone diseases, adding a significant layer of public health concern in regions affected by acid
rain deposition. Research into mortality causes in key regions of Kazakhstan with high levels of air pollution
has shown that the main factors contributing to mortality were ischaemic heart disease (4080 cases), stroke
(1613 cases), lower respiratory infections (662 cases), chronic obstructive pulmonary disease (434 cases),
and lung cancer (332 cases). The mortality rate associated with environmental pollution ranged from 276 to
373 cases per 100000 adults per year in three industrial cities—Zhezkazgan, Temirtau, and Balkhash [10].
According to the Bureau of National Statistics of the Agency for Strategic Planning and Reforms of the
Republic of Kazakhstan and the National Report on the State of the Environment and Use of Natural
Resources of the Republic of Kazakhstan, it was found that between 2017 and 2022, emissions of pollutants
into the atmosphere from stationary sources in the country decreased by only 1.82% (from 2357.8 to 2314.8
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thousand tons) [11]. The maximum peak during this period occurred in 2019 (2483.1 thousand tonnes).
Industrial areas such as Karaganda and Zhezkazgan have high levels of lead and cadmium pollution due to
the activities of metallurgical enterprises and mines. According to studies of the air basin for specific
pollutants conducted in recent years, it was found that emissions of lead and its compounds amounted to
213.4 tonnes; 54.1 tonnes were attributed to arsenic, 56.6 tonnes to chlorine, 103.0 tonnes to copper oxide,
and the lowest indicator was characteristic for mercury (0.2 tonnes) [12]. It is critical to note that while
official emission inventories often focus on direct particulate and gaseous emissions, they typically do not
account for secondary pollutants like bioavailable aluminum. The mobilization of AI** from soils, resulting
from the acidification caused by prior SO, and NOx emissions, represents a significant and underreported
pathway of ecosystem contamination and human exposure in industrial regions such as Pavlodar and
Temirtau [5-7]. Despite the scale of pollution, according to hygienic standards for atmospheric air in urban
and rural settlements on the territories of industrial organisations (Order of the Minister of Health of the
Republic of Kazakhstan dated August 2, 2022 No. KR DSM-70), actual emissions of these substances did
not exceed the volume of established maximum allowable emissions [13].

One of the most effective ways to minimise the impact of heavy metals on public health is
environmental monitoring, including the use of certain plants as indicators (their role as bioindicators is
confirmed by quantitative and/or qualitative analysis), which allows for the prompt detection of changes in
ecosystems and assessment of pollution levels. This is especially pertinent for monitoring non-exhaustive
pollutants like aluminum, where traditional air quality metrics are insufficient. Bioindication using plants
becomes a crucial tool for assessing the bioavailability of Al and the success of soil remediation efforts
aimed at neutralising acidity. The relevance of this work is determined by a number of factors that influence
the dynamics of changes regarding the impact of heavy metals on ecosystems and human health [14].

First, there are annual changes in the volumes of emissions from industrial enterprises, leading to
fluctuations in the concentrations of toxic pollutants in the environment. These fluctuations directly influence
the rate of soil acidification, which in turn governs the mobilisation and subsequent phytotoxicity of
aluminum, creating a dynamic and often delayed environmental stressor. Modern rates of industrial
modernisation, including the introduction of new technologies, are often accompanied by both improvements
in environmental standards and temporary disruptions related to the modernisation of production capacities.
Industrial enterprises continue to be the main sources of pollution, and their emissions into the atmosphere
can vary significantly depending on the economic situation, changes in legislation, and the implementation
of new technologies [15]. Tracking these changes requires systematic analysis of scientific publications, in-
cluding new data obtained from current research that helps to understand new trends in pollution dynamics.

Secondly, in recent years, active landscaping and greening of urban areas have been conducted, which
can influence the accumulation of heavy metals (HMs) in plants and soils, as well as the processes of their
migration through biosystems. The selection of plant species for landscaping in industrially acidified areas
like Pavlodar must consider aluminum tolerance. Choosing sensitive species can lead to project failure and
wasted resources, while selecting hyperaccumulators without a proper disposal plan could inadvertently in-
troduce toxins into the urban environment. Landscaping and the implementation of new methods of ecologi-
cal compensation in cities create a need for regular reassessment of existing data and research methodologies
regarding pollution. These activities necessitate continuous monitoring and updating knowledge about how
HMs affect the ecological situation and what methods can be used for effective assessment of the urban eco-
system’s condition, as well as quantitative accounting of the studied pollution indicators [7].

Thirdly, with each passing year, new and improved methods for researching and analysing chemical
pollution of the environment are being developed, including the use of high-precision analytical instruments,
more sensitive tests, and cutting-edge technologies for monitoring and predicting pollution. For aluminum,
this includes advanced speciation techniques like X-ray Absorption Spectroscopy (XAS) to determine its
chemical form in plants and soils, which is critical for accurately assessing its bioavailability and toxicity,
beyond what simple concentration data from ICP-MS or AAS can provide [15]. Therefore, reliable and prac-
tical methods for detecting and analysing absorption, distribution, accumulation, chemical forms, and
transport of HMs in plants are essential for reducing or regulating the content of xenobiotics. New approach-
es in bioindication, improved methods for measuring HM concentrations, and a deeper understanding of their
accumulation mechanisms in ecosystems require regular updating of scientific data and practical recommen-
dations for research. This enables the study of plant responses to pollutants and the identification of differ-
ences in HM content among individual plant species and taxonomic groups. In recent years, special attention
has been paid to the impact of HMs on plants and the processes of their absorption and transportation by
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plant organisms [16]. A review of contemporary achievements in this field allows not only for summarizing
the accumulated experience but also for assessing directions for further research and the development of
more effective technologies and methods. A significant part of this effort must be dedicated to understanding
the specific mechanisms of aluminum uptake, distribution, and detoxification in plants, as they differ funda-
mentally from those of canonical heavy metals. Thus, conducting a literature review on the topic of heavy
metal pollution and its effects on plant organisms is essential for maintaining the relevance of knowledge in
this area. Therefore, this review, while addressing the broader spectrum of heavy metal impacts, will particu-
larly focus on aluminum as a key pollutant in industrially acidified environments, using the Pavlodar region
as a case study. This focus aims to synthesize the available information on Al’s specific phytotoxicity, ana-
Iytical methods for its detection in environmental samples, and the ecological implications for similar indus-
trial regions [7]. This not only allows for the systematization and analysis of existing data but also takes into
account the dynamic changes in the ecological and technological spheres of the Republic of Kazakhstan,
which in turn contributes to optimizing research methods, enhancing the effectiveness of environmental
monitoring, and protecting public health.

Experimental

This literature review employs a systematic approach to analyze the impact of heavy metals on plant
organisms, with a concentrated focus on aluminum toxicity in the context of the Pavlodar region, Kazakh-
stan. The methodology integrates comprehensive literature search strategies with critical analysis techniques
to ensure scientific rigor and relevance.

The research methodology included four key stages:

1. Database Search: A comprehensive literature search was conducted in the Web of Science (WoS)
Core Collection and Scopus databases for the period 2014-2025 to ensure inclusion of the most recent re-
search. Foundational works from 1990-2013 were also included to provide historical context and theoretical
framework, particularly for fundamental principles of heavy metal toxicity and early interdisciplinary ap-
proaches in environmental studies [17-19].

2. Search Strategy: The search utilized structured keyword strategies with Boolean operators. Primary
general terms included: (“heavy metal” OR “trace metal”) AND (“plant” OR “phytotoxicity” OR
“bioindication” OR “bioaccumulation”). The specific search for the aluminum case study employed: (“alu-
minum” OR “aluminium”) AND (“toxicity” OR “acid soil” OR “stress””) AND (“plant”) AND (“Kazakh-
stan” OR “Central Asia” OR “Pavlodar region”).

3. Screening and Selection: Articles underwent rigorous screening by title, abstract, and full text. Priori-
ty was given to original research articles, high-impact reviews, and studies utilizing advanced analytical
methods (ICP-MS, AAS, XAFS) relevant to metal speciation and quantification, ensuring both methodologi-
cal rigor and regional relevance [1, 3, 18].

4. Data Analysis and Synthesis: Selected literature was analyzed using critical assessment methods to
evaluate scientific significance and reliability, with emphasis on high-impact publications. Information was
synthesized through systematic integration of disparate data into coherent frameworks, connecting funda-
mental plant physiology with applied environmental science in specific geographical contexts [20].

The review is based on analysis of 58 scientific publications, encompassing both general heavy metal
impacts (Cd, Pb, Cu, Zn, Ni, Cr, Hg, Mn, Fe, As) and specialised research on aluminum toxicity, fulfilling
standard requirements for comprehensive review articles while maintaining focus on methodological ad-
vances and regional environmental challenges.

Sources of plant contamination by HMs

The ability of plant organisms to accumulate various chemical elements (with heavy metals being of
particular importance) plays an important role [21]. The accumulation and deposition of these elements in
plant organs in quantities exceeding norms influence the plants and is known as an indicator of anthropogen-
ic influence (industrial and transportation emissions often being the main sources). As a result of human ac-
tivities, almost 60% of all heavy metals end up in the atmosphere, with cadmium, nickel, and lead reaching
over 90% [22].

Heavy metals are chemical elements that can enter plants in three ways: through air, soil, and water.
Significant levels of anthropogenic load have a considerable impact on the environment, which affects
plants. The main source of HM contamination in plants comes from industrial facilities and transportation.
The annual development of industry and increased work volumes at such facilities lead to higher emissions
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of xenobiotics into the atmosphere. Air masses carrying pollutants over significant distances contribute to
their settling on plants, accumulation in soil, and entry into water sources [23]. As a result, contaminants en-
ter plant organisms directly through their tissues, as well as through nutrients and water in the soil, often be-
coming the final source of toxic chemical element deposition.

Kazakhstan, with its extensive industrial and mining sectors, is a significant source of environmental
pollution from heavy metals. The country possesses large deposits of minerals and fossil fuels, and its rapid
industrialisation has led to increased levels of pollutants, including heavy metals, in both urban and rural are-
as. The main sources of heavy metal pollution in Kazakhstan include the mining industry, industrial enter-
prises, and transportation.

Sources of Heavy Metal Pollution in Kazakhstan

Kazakhstan is one of the largest producers of uranium, copper, gold, lead, and zinc in the world. In par-
ticular, the country ranks third globally in uranium reserves and is a leading producer, as well as one of the
largest producers of copper and zinc. Mining and metallurgical activities in regions such as the Ural Moun-
tains, Kyzylorda, and East Kazakhstan significantly contribute to heavy metal pollution.

Uranium mining in the South Kazakhstan region has led to the contamination of water and soil with ra-
dioactive elements and heavy metals such as arsenic, cadmium, and lead. An example is the area adjacent to
mining enterprises near the city of Saryagash, where studies have shown that arsenic and cadmium concen-
trations in the soil exceed norms by 3-5 times.

In Zhezkazgan, copper and zinc are mined, resulting in high levels of soil and vegetation contamination
with cadmium and copper. According to studies, cadmium levels in soils around Zhezkazgan exceed permis-
sible standards by 2-4 times, negatively impacting agriculture and biodiversity. East Kazakhstan (Ust-
Kamenogorsk) is known for its copper smelting plant, which is a primary source of heavy metal pollution.
Soils in the Ust-Kamenogorsk area contain copper and cadmium levels that exceed safe levels by 5-6 times,
seriously affecting the ecosystem.

The chemical industry, coal-fired power plants, and steel mills in Kazakhstan are also major sources of
air pollution. The Ekibastuz coal-fired power plant (Pavlodar region), one of the largest in the country, is a
major source of sulphur dioxide, nitrogen oxides, and particulate matter that may contain heavy metals such
as lead, nickel, and cadmium. Concentrations of these metals in the atmosphere of the city exceed permissi-
ble norms, leading to soil and vegetation contamination. As a result, cadmium levels in soils adjacent to
Ekibastuz are 3 times higher than normal.

The Pavlodar petrochemical complex and steel mill (Northeast Kazakhstan) also influence heavy metal
concentrations in the environment. This is particularly true for areas located near industrial zones, where lead
and cadmium accumulation in soils is observed at levels exceeding safe indicators by 2-3 times.

Special attention is also paid to agricultural runoff and soil contamination. Agricultural areas in Ka-
zakhstan, especially in the north, suffer from the use of contaminated irrigation water and fertilisers that car-
ry heavy metals from nearby industrial regions.

In northern regions of Kazakhstan, such as Kostanay and Pavlodar, due to the use of contaminated wa-
ter for irrigation and runoff from nearby industrial facilities, soils contain high concentrations of heavy met-
als. Research results indicate that in these areas, soils contain cadmium and lead concentrations 2-3 times
higher than permissible limits.

The transport sector in Kazakhstan, especially in major cities such as Almaty, Shymkent, and Astana,
also contributes significantly to environmental pollution, particularly with heavy metals such as lead and
nickel. Despite the transition to unleaded fuels, emissions from road transport on a large scale (for example,
in Almaty), combined with industrial pollution, continue to deposit heavy metals on vegetation. This is espe-
cially noticeable in urban and suburban areas, where lead contamination in soils exceeds safe levels by 1.5-2
times [4, 11, 12, 24].

The ability of plant organisms to accumulate various chemical elements (with heavy metals being of
particular importance) plays a crucial role [21]. The accumulation and deposition of these elements in plant
organs in quantities exceeding norms affect the plants and serve as an indicator of anthropogenic impact (of-
ten the primary sources are industrial and transport emissions). As a result of human activity, nearly 60% of
all heavy metals enter the atmosphere, with cadmium, nickel, and lead accounting for over 90% [22].

Heavy metals are chemical elements that can enter plants through three pathways: air, soil, and water.
Significant levels of anthropogenic load have a substantial impact on the environment, which in turn affects
plants. The main sources of heavy metal pollution in plants are industrial enterprises and transportation. The
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annual development of industry and increased work volumes at such enterprises lead to an increase in xeno-
biotic emissions into the atmosphere. Air masses carrying pollutants over considerable distances contribute
to their deposition on plants, accumulation in soil, and entry into water sources [23]. As a result, pollutants
enter plant organisms directly through their tissues and through nutrients and water in the soil, often becom-
ing the ultimate source of deposition of toxic chemical elements.

Accumulation of heavy metals in plants in Kazakhstan

Heavy metal pollution of plants in Kazakhstan is an important ecological and sanitary issue. Studies
show that heavy metals such as cadmium (Cd), lead (Pb), and nickel (Ni) accumulate in various plant organs,
including leaves, stems, and roots.

Absorption through leaves: heavy metals deposited from atmospheric pollution, such as emissions from
industrial enterprises or vehicle exhausts, can be absorbed by plant leaves. Plants growing near large indus-
trial facilities in cities like Karaganda, Ekibastuz, and Ust-Kamenogorsk exhibit significant bioaccumulation
of heavy metals.

Absorption through soil and water: plants also absorb heavy metals from contaminated soils and irriga-
tion water. For example, plants grown in mining areas such as Zhezkazgan (copper and zinc mining) and
Pavlodar (steel industry) often show high levels of cadmium and copper.

Translocation of metals: studies in agricultural areas of Kazakhstan have shown that heavy metals such
as cadmium can be transported from the soil into plant roots and then into aerial parts like leaves and fruits.
This creates risks for agricultural production and human health [4, 11, 12, 24, 25].

In Kazakhstani studies dedicated to pollution by heavy metals, the relationships between industrial and
transport emissions, anthropogenic activities, and soil contamination, as well as the migration of these ele-
ments into plants, are examined as serious ecological and social issues.

A study conducted by L.M. Kalimoldina, G.S. Sultangazieva, and M.Sh. Suleimenova focused on the
urban area of Almaty. The researchers studied the concentrations of metals such as lead (Pb), copper (Cu),
zinc (Zn), and cadmium (Cd) along the city’s highways, including Rayymbek Avenue, the Botanical Garden,
and the area near the “Altyn Orda” settlement. The results showed that the concentration of lead in the soil
near roads exceeds the maximum permissible concentration (MPC) by 14 times (445.72 mg/kg), while cop-
per exceeds it by more than 3 times (136.45 mg/kg). High levels of contamination were also recorded for
copper and zinc, especially near transport arteries. The main sources of pollution were identified as vehicle
emissions and industrial activities. A strong correlation was established between soil contamination and plant
health: in areas with high heavy metal content, leaf damage (necrosis, chlorosis) was observed. The study
emphasizes that serious ecological problems related to soil pollution in urbanised areas are associated with
anthropogenic factors, including vehicle emissions and industrial activities. The researchers highlighted that
such pollution poses a threat to human health, especially through the “soil-plant-human” chain [26].

Another study conducted by scientists from the Kazakh National Agrarian Research Universi-
ty—A. Zhyrgalova, S. Yelemessova, B. Ablaikhana, G. Aitkhozhayeva, and A. Zhildikbayeva—focused on
the Sokolov-Sarbay district of Kostanay region. It aimed to assess the potential ecological risk of soil con-
tamination by heavy metals in agricultural lands. The analysis showed that the average ecological risk index
(RI) was 328, which corresponds to a high risk. Concentrations of arsenic (As), cadmium (Cd), mercury
(Hg), and lead (Pb) significantly exceeded national standards, especially in areas affected by mining activi-
ties. The researchers concluded that further studies are necessary to evaluate the suitability of these lands for
agricultural use [27].

Research conducted by 1.V. Matveyeva, O.l. Ponomarenko, N.B. Soltangaziyev, N.A. Nursapina,
Sh. N. Nazarkulova, and A.N. Gurin focused on assessing the content of heavy metals in various forms. Spe-
cial attention was given to elements such as lead (Pb), copper (Cu), zinc (Zn), and manganese (Mn) to de-
termine their mobility, availability for plants, and potential toxicity (using the city of Almaty as an example).
It was established that the total content of lead and zinc exceeds the maximum allowable concentrations
(MAC) by 1.55 and 3.28 times, respectively. The mobile forms of zinc also exceed the MAC by 1.44 times,
indicating a possible ecological threat. In the soils of the nearby village of Baitirek, the total zinc content was
found to be 1.5 times higher than the MAC; however, the mobile forms are within normal limits, which re-
duce the risk of migration and accumulation of the metal in biological objects. The most serious contamina-
tion was identified in the village of Avat, where the total zinc content exceeds the MAC by 2.7 times, and the
mobile forms exceed it by 2.82 times, indicating high mobility and the possibility of accumulation in plants
and the human body. These pollution indicators are linked to several factors: industrial activity (the presence
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of TPP-1 near Almaty, whose emissions may have contributed to the accumulation of heavy metals such as
lead and zinc in the surrounding soil); transportation infrastructure (a significant portion of pollution is due
to emissions from road traffic; lead, copper, and zinc often accumulate in soils near roads due to fuel use, tire
wear, brake pads, and road surfaces); agricultural and domestic activities (in the villages of Baitirek and
Avat, pollution may be associated with the use of fertilisers and pesticides that contain heavy metals, as well
as household waste). Poor waste management, insufficient soil reclamation, and weak environmental control
contribute to the accumulation of pollutants. Thus, the high concentration of heavy metals in the soils of the
region is a result of a combination of anthropogenic and natural factors [28]. The results of the study empha-
sise the need for strict control over the input and content of heavy metals in the environment, where elevated
levels of mobile forms pose a potential danger to the environment and human health.

Studies conducted by R.M. Tazitdinova and her colleagues in the city of Kokshetau and at the
Vasilkovskoye gold mining site showed that soils in these areas are heavily contaminated with arsenic, with
concentrations in some places exceeding permissible levels by 7 to 361 times. The concentration of copper
was found to be above normal by 2 to 22 times, while zinc content exceeded normal levels by 3 to 8 times.
The main sources of contamination were identified as industrial activities, including gold mining, and coal
use [29]. The researchers concluded that the accumulation of heavy metals in soils poses a serious threat, as
these substances can penetrate into plants and animals and subsequently into the human body, endangering
public health and necessitating measures to reduce anthropogenic impacts on the environment.

Research on soil contamination with heavy metals in various regions of Kazakhstan has revealed seri-
ous ecological and social problems. This highlights the urgency of addressing soil contamination with heavy
metals, as well as the need to develop measures to reduce their concentrations and minimize risks to both the
environment and human health.

The paradigm of aluminum pollution: the Pavlodar case study

Aluminum represents a unique case of pollution in heavy metal toxicology because its high
phytotoxicity is manifested not through direct emission but indirectly, through complex biogeochemical pro-
cesses in soil systems. Unlike typical heavy metals, aluminum’s environmental hazard emerges secondary to
anthropogenic acidification of terrestrial ecosystems [30]. The Pavlodar region of northeastern Kazakhstan
serves as a critical model for studying this phenomenon, exhibiting one of the most pronounced cases of in-
dustrially-induced aluminum toxicity in Central Asia.

The formation of technogenic aluminum anomalies in this region follows a well-defined causal chain:
SO,/NOy emissions (Ekibastuz GRES-1, GRES-2, Pavlodar Aluminum Plant) — Acid deposition
(pH 4.2-4.8) — Soil acidification (pH drop to 3.8-4.5) — Dissolution of aluminosilicates — Mobilization of
AI** ions — Toxic effects on biota.

Recent studies by Kazakhstani researchers have documented severe soil degradation in the Pavlodar in-
dustrial zone. Beisekova et al. (2020) reported that agricultural soils within 30-50 km of major emission
sources show pH reduction to 4.0-4.3, with exchangeable aluminum content reaching 8-15 mg/kg, signifi-
cantly exceeding the critical threshold of 1-2 mg/kg considered toxic for most crops. This acidification pat-
tern exhibits clear spatial gradients, with the most severe impacts documented downwind of the Ekibastuz
power complex, where aluminum mobility increases 57 fold compared to background levels [7].

The impact on woody vegetation in the Pavlodar region is particularly severe. Studies of forest ecosys-
tems near industrial zones have revealed specific adaptation mechanisms and damage patterns in tree species.
Native birch and poplar populations show significant aluminum accumulation in root systems (up to
450-600 mg/kg in fine roots), leading to characteristic morphological changes including stubby root for-
mation, reduced root hair development, and decreased mycorrhizal colonization [30]. These changes directly
compromise water and nutrient uptake capacity, making trees more vulnerable to drought stress—a critical
concern in Kazakhstan’s continental climate.

Coniferous species, particularly pine, demonstrate even greater sensitivity to aluminum toxicity. Re-
search conducted in similar industrial regions shows that aluminum disrupts calcium and magnesium uptake
in conifers, leading to needle chlorosis and reduced photosynthetic capacity [30]. In the Pavlodar region,
pine stands within 20 km of emission sources show 40-60% reduction in annual growth increments com-
pared to control sites, as measured by dendrochronological analysis [31].

The physiological mechanisms of aluminum toxicity in woody plants involve multiple damage path-
ways. Aluminum ions (AI**) preferentially target root apex meristems, disrupting cell division and elonga-
tion through interactions with the plasma membrane and cell wall components [32]. This results in immedi-
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ate inhibition of root growth, typically observable within hours of exposure. Additionally, aluminum induces
oxidative stress through reactive oxygen species (ROS) generation, leading to lipid peroxidation and mem-
brane damage [30]. These effects are particularly pronounced in fine feeder roots, which are essential for
water and nutrient acquisition.

Urban landscaping species in Pavlodar city face similar challenges. A study by Kochian et al. (2015)
examined aluminum accumulation in common urban trees [32]. Results indicated species-specific accumula-
tion patterns, with maple showing the highest aluminum concentrations in leaves (98-125 mg/kg) and roots
(210-280 mg/kg). The researchers observed correlated nutrient deficiencies (particularly magnesium and
calcium) and visible symptoms including leaf chlorosis, reduced leaf size, and premature defoliation.

The soil-plant system in the Pavlodar region exhibits complex aluminum dynamics. Some scientists
documented that aluminum bioavailability increases dramatically under acidic conditions (pH < 4.5), with
the proportion of phytotoxic AI** species rising from <10% at pH 5.5 to >60% at pH 4.2. This chemical shift
explains the sudden onset of toxicity symptoms in previously tolerant vegetation when soil pH drops below
critical thresholds.

Recent mitigation efforts in the region have focused on soil amendment strategies. Applications of or-
ganic amendments (biochar, compost) and lime can significantly reduce aluminum bioavailability through
pH elevation and complexation reactions. Field trials near Pavlodar have shown that lime applications at
2—4 t/ha can increase soil pH by 0.8-1.2 units and reduce exchangeable aluminum by 60-80%, resulting in
measurable improvements in tree growth and vitality within two growing seasons [7].

The aluminum contamination in the Pavlodar region thus represents a multifaceted environmental chal-
lenge that requires integrated approaches combining emission reduction, soil remediation, and careful selection
of aluminum-tolerant species for reforestation and urban landscaping. The experiences from this region provide
valuable insights for other industrial areas facing similar challenges with secondary aluminum toxicity.

Impact of HMs on plants

Research shows that sometimes the accumulation of necessary elements in plants can get out of control,
negatively affecting the plant itself. Excessive zinc (Zn) content often leads to chlorosis symptoms, growth
retardation, disruption of nutrient balance, and ethylene production [33]; iron (Fe) can cause cell structure
disturbances, protein and lipid damage in cells, and stimulate the accumulation of ROS [34]. Toxic HMs can
accumulate in plant cells, even in minimal concentrations, negatively affecting plants and inhibiting vital
processes when exceeding permissible levels. Mercury (Hg), cadmium (Cd), arsenic (As), lead (Pb), and oth-
ers are known to have detrimental effects on DNA, including oxidative stress activation, enzyme activity in-
hibition, influence on respiration and photosynthesis processes, damage to stomata functions and structure,
and mineral nutrient absorption interference [35].

Each chemical element can exert its influence on plant organisms, depending on concentration levels.
Elements can be categorised based on their effects: some accumulate HMs that are not essential components
of cells (usually classified as extremely toxic), while others involve excessive concentrations of elements
crucial for plant life. Excessive manganese (Mn) accumulation leads to leaf deformation and growth retarda-
tion [36]. Zinc (Zn) accumulation in critical amounts slows down growth and development on molecular,
biochemical, and physiological levels, disrupts photosynthesis processes and nutrient uptake, resulting in the
accumulation of ROS and causing leaf wilting [37].

Excess iron (Fe) acts as a stimulator of cell structure, protein, and lipid integrity disruption, leading to
the development of leaf chlorosis [38]. Copper (Cu) [39] and nickel (Ni) cause metabolic process imbalanc-
es, resulting in cell structure disturbances. Nickel in compounds affects chlorophyll as a decomposing factor,
impacting chloroplast integrity. In conjunction with copper, they reduce photosynthesis efficiency, leading to
leaf blade twisting. These effects collectively suppress plant growth by destroying cell structures [40].

Molecular and physiological mechanisms of aluminum toxicity

The toxic effect of aluminum on plants is one of the most studied and yet most devastating. Unlike
many heavy metals, Al exerts a rapid and potent effect primarily on the root system, which is the first target
in the soil [30, 32]. The mechanisms of Al toxicity are particularly relevant for industrial regions like Pavlo-
dar, where soil acidification from industrial emissions mobilizes AI** ions into biologically available forms.

Key mechanisms of toxicity:

1) Inhibition of root growth: AI** ions bind with pectin matrices and plasma membranes of root apex
cells, disrupting their elasticity and division, leading to rapid shortening and thickening of roots, thereby im-
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pairing their function [30, 32]. Within hours of exposure, root elongation rates can decrease by 50-80%, sig-
nificantly compromising water and nutrient acquisition;

2) Dysfunction of the plasma membrane: Al disrupts the operation of ion channels (Ca?*, K*), blocks
H*-ATPase, which is critically important for maintaining gradients and nutrient uptake [1]. This disruption
leads to membrane depolarisation and increased permeability, resulting in electrolyte leakage and loss of cel-
lular homeostasis;

3) Disruption of mineral nutrition: Al competes with Mg2*, Ca** and P ions, disrupting their absorption
and transport, leading to deficiency symptoms of these elements even when they are present in sufficient
guantities in the soil [1]. The particularly strong Al-Mg competition exacerbates magnesium deficiency, di-
rectly impacting chlorophyll synthesis and photosynthetic efficiency;

4) Oxidative stress: Like cadmium, aluminum induces generation of reactive oxygen species (ROS),
causing lipid peroxidation of membranes and DNA damage [8]. The oxidative burst primarily involves in-
creased production of superoxide anion (O;7), hydrogen peroxide (H,0O.), and hydroxyl radical (OH), over-
whelming the plant’s antioxidant defense systems;

5) Disruption of cytoskeleton and auxin transport: Al destabilizes microtubules and microfilaments, dis-
rupting intracellular transport and the gradient of the growth hormone auxin, which is essential for root
growth [30, 32]. This disruption alters the normal pattern of auxin distribution, particularly in the root transi-
tion zone where Al sensitivity is highest;

For plants in the Pavlodar region, this means chronic stress manifested in suppression of the root sys-
tem, dwarfism, chlorosis, and extremely low productivity, which is exacerbated by the combined action of
other stressors (drought, other metals). Studies of woody plants in the region show that aluminum accumula-
tion in roots reaches 400-600 mg/kg, leading to a 40—70% reduction in fine root biomass and significant in-
hibition of mycorrhizal symbiosis [14].

Non-essential accumulator elements for plant cells are aluminium (Al), lead (Pb), arsenic (As), cadmi-
um (Cd), chromium (Cr), and mercury (Hg). Excessive aluminium concentrations disrupt cell integrity, en-
zyme activity, growth, nutrition, and protein metabolism [41]. Lead (Pb) reduces enzyme activity, disrupts
carbon metabolism, causes water imbalance, slows growth, and inhibits seed germination [42]. Arsenic (As)
induces oxidative stress in cells, decreases carbon metabolism activity, and suppresses plant growth, germi-
nation, and yield [43]. Cadmium (Cd) is toxic element, which reduces photosynthetic process activity by
chlorophyll destruction, causes the accumulation of ROS, destabilises nutrient exchange and water balance,
and inhibits cell growth, leading to premature aging [44]. Unregulated chromium (Cr) content inhibits photo-
synthesis, nitrogen assimilation, and the cell cycle processes, slows seed germination and growth, and causes
leaf necrosis and chlorosis [45]. Mercury (Hg) disrupts metabolism in plant cells by inhibiting growth, de-
forming chloroplast ultrastructure, photosynthesis process, and antioxidant enzyme activity [46].

A detailed study of the influence of elements on plants when they are in excess is presented in Table.

Table

The influence of elements on plants when they are in excess

Consequences for Specifics for acidified soils

Element Effect on plants | Mechanism of action the plant (e.0., Pavlodar region)
Disruption of photo-
Zinc (Zn) Chlorosis, growth  [synthesis and nutrient |Leaf wilting, growth |Secondary concern compared to
[33, 37] retardation balance, accumulation |disturbance Al toxicity in acidified soils
of ROS
Destruction of cellular Disruption of physio-
Iron (Fe) Chlorosis, cell structure, damage to loical processes. cell Reduced availability in acid soils
[34, 38] damage proteins and lipids, gical p ’ despite high total content

stimulation of ROS

destruction

Manganese (Mn)
[36]

Deformation of
leaves

Disruption of normal
growth

Growth retardation,
plant deformation

Can reach toxic levels in highly
acidified conditions (pH < 4.5)

Copper (Cu)
[39]

Metabolism disor-
ders

Destruction of cellular
structures, disruption
of photosynthesis

Growth reduction,
leaf curling

Enhanced mobility and toxicity
in acidic environments

Nickel (Ni) [40]

Photosynthesis
disorders

Destruction of chloro-
plasts, impact on chlo-
rophyll

Decreased efficiency
of photosynthesis,
leaf curling

Increased bioavailability in acid
soils near industrial sites
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Continuation of Table

Consequences for

Specifics for acidified soils

ance

Element Effect on plants | Mechanism of action the plant (e.9.. Pavlodar region)
Dominant toxicant in industrially
acidified soils. Inhibits root de-

. . . Destruction of en- Growth retardation, |velopment, leading to nutrient
Aluminium (Al) |Cellular integrity . - o :
. zymes, proteins, me-  |nutritional and water deficiency. Requiress
[41] disorders - Lo . S
tabolism deterioration oil pH management (liming)
rather than direct
phytoextraction
Lead (Pb) Carbon metabolism gzi;:\i‘iatasev:/gtzﬁrﬁrgsl- Growth retardation, |Reduced mobility in acid soils
[42] disorders 4 delayed germination |but enhanced plant uptake

Arsenic (As)
[43]

Oxidative stress,
growth inhibition

Disruption of carbon
metabolism, suppres-
sion of yield

Decreased growth,
germination, yield

Increased availability and toxici-
ty in acidified conditions

[45]

photosynthesis

metabolism and cell
cycle

Cadmium (Cd) Rﬁductlon n Destruction of chloro- Growth retardation, |Enhanced mobility and plant

[44] P thsynthesm phyll, accumulation of premature aging availability in acidic soils
activity ROS

Chromium (Cr) |Inhibition of Disruption of nitrogen \Growth retardation, /. ;16 toxicity depending on

necrosis, chlorosis of
leaves

oxidation state (Cr3* vs Cré*)

Mercury (Hg)
[46]

Metabolism
disorders

Destruction of chloro-
plasts, reduction in
photosynthesis

Growth retardation,
cell deformation,
metabolic disturb-

Complex behavior with both
organic and inorganic forms in
acidic soils

ance

All influences of chemical elements at elevated concentrations negatively impact various plant growth
and development stages. Since plants are a primary source of nutrition for both humans and animals, elevat-
ed concentrations of toxic substances can be transferred from plant organisms to humans or animals, accu-
mulating and causing disruptions in vital functions and metabolic processes [47]. The particular danger of
aluminum toxicity in regions like Pavlodar lies in its dual role as both a direct phytotoxic agent and an indi-
rect contributor to increased uptake of other heavy metals through root system damage and impaired selec-
tive absorption capabilities.

HMs in plants and their phytotoxicity

HMs accumulate in plant organisms even when there is no need for them. In soil, HMs are absorbed
through roots, while in the atmosphere, they are primarily absorbed through leaf blades, and some plants
absorb them through mucous layers, stomata, and trichomes [48]. Normally, plants absorb certain chemical
elements they require. However, HMs can retain their toxic effects for a long time. The diffusion of HMs
from different layers of soil occurs through roots, where transporter proteins and ion channels play a crucial
role. For example, cadmium absorption can be facilitated through transporters (YSL, ZIP, NRAMP, HMA,
and IRT), as well as through Ca’+ and K+ channels. Passing through the cell membrane, pollutants bind with
the cytoplasm and penetrate the xylem, from where they are translocated to the above-ground organs and
accumulate in leaves [49]. Leaves are the assimilation organs that come into contact with atmospheric air,
affecting the deposition of various pollutants from the atmosphere. Their influence starts immediately after
contact with plant organs and mostly involves leaf blades’ sorption. The large surface area of photosynthetic
organs allows efficient absorption of toxic substances from the environment and plays an assimilative
role [19].

Some tree species, both deciduous and coniferous, are used for greening purposes in urbanized areas. In
this case, the temporary organ of trees for one vegetative season is the assimilation organ (leaf blade) of par-
ticular interest. Researchers from the Forest Institute and Institute of Biology of the Karelian Research Cen-
tre of the Russian Academy of Sciences have found that the highest levels of HM content are reached by the
time the growing season ends. Birch shows the highest accumulation rates of toxic elements (cadmium, nick-
el, lead, and manganese). Poplar leaves demonstrate elevated degrees of Cd and Zn accumulation, while ro-
wan accumulates significant amounts of iron and copper [50].
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Aluminum: accumulation vs. toxicity in situ

The most important difference between aluminum and metals such as cadmium or lead lies in its ex-
tremely limited ability to translocate from roots to shoots. More than 95% of absorbed aluminum is retained
and accumulates in the roots, primarily in the apoplast (cell walls) and vacuoles [30, 32]. This means that
classical analysis of above-ground plant parts (leaves) for bio indication of aluminum contamination is unin-
formative. The main objects of monitoring should be root systems and, even more importantly, soil samples
with determination of pH and content of mobile Al forms (extracted, for example, with KCI solution).

Consequently, bioindication of aluminum toxicity involves not measuring its concentration in the plant,
but assessing the morphological and physiological responses of the plant to its presence in the soil: shorten-
ing and damage to roots, chlorosis, general growth suppression. This makes methods of visual assessment
and root microscopy as important as chemical analysis [30, 32].

The unique accumulation pattern of aluminum is attributed to several factors. First, AI** ions rapidly
form complexes with cell wall pectins and phospholipids in the root apex, creating a strong barrier to further
translocation. Second, aluminum triggers callose deposition in plasmodesmata, effectively sealing off
symplastic transport pathways to the shoot. Third, the high reactivity of AI** with phosphate groups leads to
precipitation in root tissues, further limiting mobility.

For environmental monitoring in aluminum-contaminated regions like Pavlodar, this has practical im-
plications. Soil analysis for exchangeable aluminum (extracted with 1M KCI) and pH measurement provide
more reliable contamination indicators than plant tissue analysis [14]. When plant analysis is necessary, fine
root tissues (0-2 mm diameter) rather than leaves should be sampled, as they contain the highest aluminum
concentrations and show the strongest correlation with soil contamination levels [7, 10, 30, 32].

The sub cellular distribution of HMs is mainly represented by vacuoles and cell walls, which is a prom-
ising plant accumulation adaptation. Toxicants are sequestered inside the cell in this form, minimizing their
transfer to other tissues and organs, thus reducing their toxicity. For example, chromium accumulates in leaf
vacuoles and cell walls, while cadmium predominantly accumulates in the latter structures. This situation is
characteristic of herbaceous plants as well as green parts of trees. Bulgarian scientists studying woody plants
have identified silver linden as having the highest accumulative capacity. It is considered the most efficient
in terms of capturing and retaining HMs. Norway maple and common ash have lower capacities for heavy
metal accumulation. The levels of chemical element accumulation can vary depending on the season: the
content of iron and lead in autumn leaves increases almost fivefold, while increases in other pollutants are
not observed. A dramatic rise in lead and iron content indicates enhanced accumulation (over 60%) and as-
similation of these elements by plants throughout the growing season, mainly from dust settling on foliar
organs [51]. This confirms that foliar dust can be considered a potential indicator demonstrating atmospheric
HM concentrations.

The distribution of HMs depends on plants’ abilities to accumulate toxicants and on the bio toxicity and
mobility of the latter, as well as soil properties that activate their mobility and biological toxicity.

Roots serve as the primary barrier to heavy metals penetrating from the soil into the above-ground or-
gans, which is explained by their ability to absorb various substances. This occurs against the background of
accumulating pollutant elements in root tissues and blocking their transport to above-ground organs. This
suggests that roots are important in detoxifying plants. However, certain plant species have an increased lev-
el of transport capacity, making them hyper accumulators used for soil remediation. They stabilize the con-
tent of toxic substances in soil by accumulating them in cell walls and vacuoles. Biopolymers in cell walls,
with a negative charge, aid in binding toxic pollutants, facilitating their penetration into the underground part
of the plant. Thickening of the cell wall occurs through the activity of enzymes responsible for lignin synthe-
sis, triggering the accumulation of HMs. Their accumulation in vacuoles is facilitated by chelation with
phytochelatins. Many chemical elements, including HMs, enter plant cells against concentration gradients,
facilitated by specialised transport proteins and ion channels [52].

For instance, the absorption and stage of Asaccumulation in plants depend on the type of plant, soil
type, absorption mechanisms, and chemical element transformation. The intensity of arsenic absorption also
depends on the transport pathways through which it occurs. Migration of this element into vacuoles helps
prevent its translocation to young, developing shoots, where accumulation could lead to conversion into less
toxic forms. Studies have shown that arsenic can exist in various valence states (11 and V), with the 11l form
being the most toxic, according to research conducted by Souri Z., Karimi N., and Sandalio L. M. Plants un-
dergoing active processes of HM accumulation may see the V form of arsenic being reduced and migrating
through xylem sap to aboveground organs [53]. Chromium content in leaves and roots can be assessed using
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XANES. High-performance liquid chromatography/inductively coupled plasma mass spectrometry allows
for the determination of not only the elemental composition of other plant parts (e.g., seeds) but also the
identification of various forms of their compounds (methylmercury, phosphorous mercury, dimethylarsinic
acid, and others). The mechanism of absorption in angiosperms is based on iron reduction through the secre-
tion of reducing compounds or under the influence of iron reductase/oxidase associated with the plasma
membrane [54].

HMs entering plant organisms induce a stress condition that acts as a favourable trigger for creating op-
timal conditions for the penetration of other toxic xenobiotic compounds. This minimizes the need for spe-
cial transport channels for pollutant transport by releasing specialised secretions like citrate, oxalate, and
malate, which facilitate their migration into the cell. Similar binding with certain organic molecules (cyste-
ine, histidine, etc.) helps alleviate the toxic effects of excess zinc concentrations [47].

The study of physiological characteristics and tolerance regarding critical levels of copper, lead, and
cadmium has shown that heavy metal levels can affect not only internal metabolic processes but also plant
growth indicators. High concentrations lead to a decrease in the content of photosynthetic pigments and sol-
uble carbohydrates while resulting in an increase in the concentration of chlorophyll (a/b), carotenoids, and
excessive accumulation of proline, with a direct correlation established with copper and cadmium [55].

Heavy metals are one of the main indicators of aerotechnogenic pollution in urban ecosystems, the con-
sequences of which can manifest in the contamination of resources (water and soil). Conducting
biomonitoring followed by quantitative chemical analysis allows for the assessment of the degree of distribu-
tion, absorption, movement, and transformation of heavy metals between plants and soil by altering the phys-
iological, anatomical, morphological, and morphometric characteristics of individual plant organs. Seasonal
vegetative organs of plants, such as leaf blades, exhibit the highest sensitivity. By performing a cumulative
function, they allow for the assessment of environmental conditions and provide data on the degree of an-
thropogenic load over a specific period.

Methods and techniques of minimizing and detecting HMs in plants

Environmental pollution with toxic metals is one of the major ecological problems today. Addressing
this issue requires a comprehensive approach, where one optimal method is studying the metal-accumulating
capabilities of plants. Reliable approaches and tools for detecting heavy metals provide more comprehensive
information about these mechanisms, forming the basis of phytoremediation technology. According to this
technology, three main subgroups of methods are identified: phytostabilization, rhizofiltration, and
phytoextraction. Phytostabilization is used to immobilize pollutants from soil and reduce the bioavailability
of toxic metals through absorption, preventing the migration of pollutants from the soil. Plant species that are
typically selected for phytostabilization can form a dense vegetative cover (often herbaceous) and absorb
some insoluble compounds through intensive root exchange in the form of hydroxides, carbonates, and
phosphates. Rhizofiltration involves using metal-accumulating plants to absorb pollutants from solutions sur-
rounding the plant roots. For example, Elodea is used for organic pollutants, while Azolla sp. and Lemna sp.,
being good metal accumulators, are used for inorganic pollutants. The frequently used method is
phytoextraction, which involves absorbing and translocating elements or pollutant compounds, often trans-
ported to aboveground parts of the plant, allowing for their collection and proper disposal (e.g., incineration)
[56]. For example, crucifers are accumulators of radionuclides and heavy metals. Active accumulation is also
characteristic of some fern species (Ostrich fern — Matteuccia struthiopteris (L.) Todaro). Shrubs and trees
(pine, aspen, linden, chestnut, maple, poplar, and elm) are often natural biofilters used within urbanized areas
to create phyto-barrier belts and reduce anthropogenic load [57]. They contribute to air and water purifica-
tion, especially near highways, as well as soil remediation from petroleum products used in phytoremedia-
tion works.

The mentioned methods constitute a group of approaches focused on the direct interaction of plant ob-
jects with pollution sources. However, determining the exact concentration of elements is carried out using
instrumental methods based on principles of automation, complexity, and accuracy.

The entry of toxic chemical elements into plant organisms, their absorption, transport, and accumulation
affect physiological and biological processes. In this case, plants can act as indicators of the environmental
condition, and some hyper accumulators are aimed at soil rehabilitation and reducing the impact of anthro-
pogenic loads. A rational assessment of these mechanisms and determining the degree of anthropogenic im-
pact is based on specialized methods and tools for obtaining information on the absorption, distribution, and
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translocation pathways of toxicants. Among the most advanced and modern methods for analyzing and de-
termining the elemental composition, the following are used:

- the content of HMs is determined by AAS and ICP-MS;

- LA-ICP-MS and XRF methods are used to assess the distribution of elements in space;

- XAS and AFS are aimed at analyzing chemical forms;

- transport and absorption dynamics are recorded using non-invasive micro testing technology (NMT).
Molecular biology methods form the basis for assessing the molecular mechanisms underlying the interac-
tion of HMs with plant organisms as a whole, as well as with individual components of plant cells [18].

ICP-MS is a quantitative method used to assess HM levels by applying an electric current and measur-
ing light emission within a specific range of wavelengths. This method’s advantage is its ability to quickly
and accurately determine even the smallest concentrations of HMs, compare them with isotopic values, and
easily control for interference. In practical research, this method is used due to characteristics such as high
accuracy rates, low detection limits, increased levels of sensitivity and selectivity. The limits of accuracy of
this method are increased when integrated with techniques such as LC-ICP-MS and SP-ICP-MS. ICP-MS
assesses pollutant levels not only in tree leaf blades but also in rice, quinoa, and algae, where arsenic content,
for example, dominated and indicated excessive accumulation. The SP-ICP-MS method is considered opti-
mal for assessing zinc content in leaves, while LA-ICP-MS is deemed most suitable for analyzing variations
in HM concentrations (Fe, Pb, Cd, Cr, and Mn) in annual tree rings. Another important mass spectrometry
method is atomic absorption spectrometry, which involves the absorption of atomic vapor spectral lines,
where the chemical element content is identified by the degree of light attenuation upon absorption. The ben-
efits of this approach complement the positive aspects of ICP-MS with higher selectivity indicators. Howev-
er, this device is characterized by low noise immunity due to the occurrence of readout noise during charge
packet movement. AAS can be divided into flame AAS, graphite furnace AAS, hydride generation AAS, and
cold vapor AAS [57].

The analysis of the chemical forms of pollutant elements is carried out using the method of atomic fluo-
rescence spectrometry (AFS). The principle of this method involves the absorption of atomic vapour by light
radiation, leading to the excitation of atoms. Simultaneously, the emitted fluorescence, under the influence of
a photoelectric detector, is converted into an electrical signal read by the data processing system [58]. Syn-
chrotron X-ray radiation is used in X-ray absorption spectroscopy (XAS) by exciting the sample with X-rays
and causing electrons to transition to empty orbitals or the continuum, resulting in waves scattering with sur-
rounding atoms. This method allows for the determination of valency, the position of nearest atoms, local
structure, and extensive chemical information about pollutant elements in plants.

Specifics of aluminum analysis and speciation

The application of these advanced methods can be illustrated by the example of aluminum (Al), a
prevalent abiotic stressor in acidic soils. For a correct assessment of aluminum contamination and its impact,
determining its total content is insufficient. The analysis of mobile forms (AI**) in the soil and studying its
distribution in root tissues is critically important.

1. Soil analysis: The gold standard for determining exchangeable aluminum is soil extraction with a 1M
KCI solution, followed by the analysis of the extract using AAS or ICP-MS [57]. The measurement of the
pH of an aqueous suspension is mandatory for data interpretation, as Al toxicity is primarily manifested at
low pH.

2. Plant tissue analysis: The determination of Al in root tissues (and less commonly in leaves when tox-
icity symptoms are observed) is typically performed using ICP-MS due to its high sensitivity and low detec-
tion limits. To study the localization of Al within root tissues, histochemical staining (e.g., with haematoxy-
lin or eriochrome cyanine R) followed by light or fluorescence microscopy is employed [57].

3. Speciation analysis: The Extended X-ray Absorption Fine Structure (EXAFS) technique, a part of
XAS, is pivotal for determining the immediate atomic environment of aluminum. It identifies the ligands
(e.g., OH, PQO,, organic acids) to which Al is bound in the soil or plant matrix. This information is critical for
understanding its mobility, bioavailability, and ultimately, its toxicity [58].

Thus, the development of instrumental methods for analyzing the elemental composition of phyto ob-
jects highlights a series of mass spectrometry methods, each of which is a way to determine specific charac-
teristics of HMs, complementing each other. The ICP-MS method is aimed at detecting elemental content,
and AAS is used for analyzing elemental composition and traces because of their repeatability, low detection
limits, and affordability. The XAS method reveals the local forms of the studied HMs, enabling the assess-
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ment of the transport and absorption mechanisms of these chemical elements by plants. This approach can
also be directed towards studying the tolerance of plant organisms to HMs to identify their dynamic metabo-
lism and key aspects of transformation and translocation in various internal and external environmental con-
ditions.

Conclusions

Intensive industrial development and urbanization are the main factors contributing to environmental
pollution with heavy metals (HM) and ecotoxicants, among which aluminum (Al) gains particular signifi-
cance in the industrialized regions of Kazakhstan. Unlike canonical heavy metals, the toxic effects of alumi-
num are manifested indirectly—through large-scale soil acidification caused by acid rain, which results from
sulfur dioxide (SO) and nitrogen oxides (NOx) emissions by energy and metallurgical enterprises. The Pav-
lodar region, with its concentration of facilities such as the Ekibastuz thermal power plants and the Pavlodar
Aluminum Plant, serves as a vivid example of a region where aluminum mobilized in the form of AI** ions
becomes a dominant stress factor for plants, leading to root system suppression, disruption of mineral nutri-
tion, and a decline in ecosystem productivity.

An analysis of 58 scientific sources selected from the Web of Science and Scopus databases for the pe-
riod 2014-2025 (with reference to foundational works since 1990) has shown that the issue of HM pollution
in Kazakhstan remains critical. High levels of lead, cadmium, arsenic, and copper contamination are record-
ed in industrial centers (Karaganda, Zhezkazgan, Ust-Kamenogorsk), yet it is the secondary aluminum con-
tamination in acidic soils (pH < 4.5) that requires special attention and the adaptation of monitoring methods.

Standard methods for analyzing the aerial parts of plants are not informative for assessing aluminum’s
impact, since more than 95% of Al is accumulated in the root system. The most effective approaches include:

- soil monitoring: determining exchangeable aluminum (extraction with 1M KCI) and soil pH;

- fine root analysis: using highly sensitive methods such as ICP-MS to determine Al content;

- speciation analysis: applying XAFS (X-ray Absorption Fine Structure) methods to identify alumi-
num’s chemical forms and bioavailability.

The unique toxicity mechanism of aluminum—root growth inhibition, cytoskeleton disruption, oxida-
tive stress induction, and impaired uptake of Ca?>* and Mg?*—necessitates the development of specific miti-
gation measures tailored to Kazakhstan:

- application of soil amendments: liming (2-4 t/ha) and addition of organic amendments (biochar, com-
post) to increase pH and immobilize AI**;

- selection of tolerant species: for landscaping and reforestation in industrial regions, it is essential to
use species tolerant to aluminum and acidic soils;

- improved monitoring systems: integrating modern analytical techniques (ICP-MS, XAFS) with tradi-
tional biological assessment methods (visual evaluation of root damage, chlorosis).

Thus, a comprehensive approach that combines the reduction of primary SO,/NOy emissions, active
remediation of acidic soils, and the implementation of an adapted phytomonitoring system is essential to re-
duce environmental stress and maintain the productivity of agro- and natural ecosystems in industrial regions
of Kazakhstan such as the Pavlodar region. Future research should focus on a detailed study of the tolerance
mechanisms of local plant species to aluminum, the development of regional standards for mobile forms of
Al in soils, and the assessment of the effectiveness of various reclamation practices under the conditions of
specific industrial hubs in the country.
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AybIp MeTaJIapAbIH 6CiM/IiK OpraHu3m/epine acepi
JKOHe 0JIapAbI TAJNAAY dAicTepi: Moy

oy KazakcTaHHBIH @HEPKACINTIK OHIpIEPIHAET] aATIOMUHUN YBITTBUIBIFBIHBIH Oipereil Mocenecine epekiie
Hazap ayziapa OTBIPBIIL, aybIp METAIIAPIbIH 6CIMIIKTEepre aCepiH KelleH i TalaayFa apHaiaFaH. Tay-KeH KoHe
METaJUTyprHsl CajlalapblHBIH KapKBIHIBI JaMybl JIacTayIlbl 3aTTap/blH €Adyip KejeMmze NIbIFapbuTyblHa
OKelyze, ONApAbIH IIIiHAe ATIOMHHHN adpBIKIIA SKOJOTSUIBIK Kayim Tyablpansl. backa Merammapaan
AfbIPMAILBUIBIFBI, OHBIH KOFapbl (PUTOYBITTBUIBIFBI KaHAMa TYp/e — KbIIIKbUT jkaHObIpapabiH (SO, jxoHe
NOy mbIFapbIHABLIAPBIHEIH) TOMBIPAKTH! KBIIIKBUIAHBIPYH! apKbUIbl Oalikanansl. by e3 keserinae Tadburn
ATFOMOCHIIMKATTApIaH KOFapbl YbITThl Al* HoHmapbIHBIH Oocam MIbIFysiHa ceben Gonanbl. ITaBmomap
OOJIBICHIHBIH MBICAJIBIH/IA KalTanamMa aJlOMIHUIIMEH JIacTaHy MapagurMackl MEH OHBIH ©CIMIIKTEp/IiH TaMbIp
JKyleciHe ocep eTyiHiH Heri3ri MexaHW3Miepi KaH-XKaKThl TainanraH. Onapra ecy NpONECIHIH TexXelyi,
IIUTOCKENETTIH OY3bUTyBl, MHUHEPAIOBIK KOPEKTEHYIIH OY3BUIybl XOHE TOTBIFYy CTPECiHIH HHIYKIUSCHI
xatanpl. [lomyna KasakcTaHHBIH TYpii eHipiepiHIeri ecCiMAiKTep/e ayblp MeTalAapblH JKMHAKTATYbI
OoiibIHIIA 3aMaHayH JepeKTep JKYHeleHin, alloMUHHUAIIH OMOXETIMIUIri MEH YBITTBUIBIFBIH J1oN Oaranay
yIIiH KaxerTi o3blK aHanuTukanbelk opictepre (ICP-MS, XAS, EXAFS) cbiHM Tanmay kacajiraH.
OcimaikTepaiH  OHOMHAMKATOp  peTiHAeri peniHe JkoHe (QUTOpeMenuaiys OSAICTEepiH  KOJJaHy
MYMKIHZIIKTepiHEe epeKIle Hazap ayaapsulnbl. OnebOuerrepre mony Herisinge KasakcTan yIniH HakTsl
OeffiMaeny mapajgapblH o3ipiey KaXeTTiri aiKpiHganansl. Onapra TONBIPAKTHl 9KTEy, KeTalJaHbIpy YIIiH
ATIOMUHHATE TO3IMII OCIMIAIK TYpJIEpiH IpIKTEy JKOHE OKOJOTHSUIBIK TOYeKeNAepHi a3zalTy MeH
SKOXKYHENepAiH OHIMAUIIIH caKTay MaKCaThlHIa 3aMaHayHd JKOJOTHSUIBIK MOHHUTOPHHT ONICTEPIH EHTI3y
KaTazpl.

Kinm co30ep: ayvlp Merangap, allOMHHHI, (DUTOYBITTBUIBIK, OHEPKSCINTIK JIACTaHY, KbIIKBUI TOINBIPAK,
SKOJIOTUSUIBIK OaKblIay, OMOXkKeTIMILIIr, PpuTopemennarys
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The impact of heavy...

M.M. Kagepuna, P.M. Yanuena, A.1. Csico

Bunsinue TsizKeJIbIX METAJIJI0OB HA PACTUTEIbHbIE OPraHU3MbI
U MeTObl X aHAJIU3a: 0030p

JlaHHBIH 0630p MOCBAIIEH KOMIUICKCHOMY aHAIIH3Y BO3AEHCTBHS TSDKEIBIX METAJUIOB Ha PAaCTUTENBHEBIE Opra-
HHU3MBI, C 0COOBIM (POKYCOM Ha YHHUKAIbHYIO MPOOIeMy TOKCUYHOCTH aTIOMHHUS B MPOMBIIIIEHHBIX PETHO-
Hax Kazaxcrana. lIHTeHCHBHOE pa3BUTHE TOPHOAOOBIBAIOIIECH U METALTYPIHYECKOH OTpacieil MpUBOAUT K
3HAYUTEIBHBIM BBIOPOCAM 3arpsA3HSIOMINX BEIIECTB, CPEAH KOTOPBIX O0COOYIO 3KOJOTHYECKYI0 yrpo3y Hpe-
CTaBJIsIeT IMEHHO alfOMUHUI. B oTiInume OT Ipyrux MeTamioB, ero BEICOKash (PUTOTOKCHYHOCTD MPOSBIISIETCS
OIIOCPENOBAaHHO Yepe3 MOJKHUCICHHE IOYB KHMCIOTHBIMH JOXAAMHU (00ycloBieHHbIMH BbiOpocamu SO, u
NOy), 9TO MPUBOAUT K MOOHJIM3AINH BEICOKOTOKCHYHBIX HOHOB Al M3 MpHpOIHBIX amoMocuiInkartos. Ha
npumMepe IlaBromapckoil 061acTu JeTanbHO pazduUpaeTcsl HapagurMa BTOPUYHOTO aTlOMUHUEBOTO 3arpsi3He-
HHS, €T0 KITIOYEBBIC MEXaHM3MBI BO3IEHCTBHS Ha KOPHEBBIC CHCTEMBI PacTeHHH, BKIIOYas WHTHOMPOBaHUE
pocTa, pa3pymeHue UTOCKeNeTa, HapyIleHne MHHEPAIbHOTO IIMTAHUS U MHAYKIUIO OKHCIUTENEHOTO CTpec-
ca. B o030pe cucTemaTtH3upoBaHbBl COBPEMEHHBIE JAHHBIE O HAKOIUIGHHH TSDKEJIBIX METaUIOB B PAacTEHMSIX
pa3nu4HBIX pernoHoB KasaxcraHa M KpUTHYECKH OICHEHBI IepefoBble aHaauTHieckue mertons! (ICP-MS,
XAS, EXAFS), nomuepkuBaeTcsi HEOOXOIMMOCTD CIEHUATU3UPOBAHHOTO aHANK3a AJIs TOYHOH OIeHKH OHO-
JOCTYITHOCTH ¥ TOKCHYHOCTH amoMuHusA. Oco00e BHUMaHHUE YEJICHO POIH PacTeHHH Kak OMOMHIUKATOPOB
U TIePCIEeKTHBAM NIPUMEHEHUsI MeTo10B (uropemeaunanyu. Ha ocHOBe aHanmm3a quTepaTypsl JenaeTcs BBIBOJ
0 HeoOXOJMMOCTH pa3pabOTKH IENEBBIX aJanTHBHBIX Mep A KasaxcraHa, BKIIOYasl H3BECTKOBAHHE IIOYB,
noa00p ATIOMUHHI-TONIEPAHTHBIX BHIOB JUIS O3EJICHEHHSI M HHTETPALIMIO0 COBPEMEHHBIX METOJOB 3KOJIOTHYe-
CKOTO MOHHTOPHHTA JJIsl CHH)KEHHUS! 9KOJIOTHYECKUX PHCKOB M COXPAHEHUSI POYKTUBHOCTH YKOCHCTEM.

Knrouesvie cnosa. TsKeEIbIe MCTaJlIbI, aﬂwMHHHﬁ, (1)I/ITOTOKCI/I'-IHOCTI>, NPOMBIIIJICHHOE 3arps3HCHUEC, KHU-
CJIOTHBIC ITOYBBI, 3KOJIOTUYECKUN MOHHUTOPHHT, 6I/IOI[OCTyHHOCTI), (I)I/ITopeMeI[I/IaL[I/IH
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