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Abstract: Reverse osmosis (RO) is one of the most widely used technologies for achieving safe water reuse and
can be effectively applied in wastewater recovery for crop irrigation. This paper presents the results of research
involving the use of a two-stage RO system connected in series to produce water for agricultural use. A critical factor
in applying this technology was achieving the target boron concentration. The effectiveness of the technology is also
discussed with respect to the heavy metal content of the permeate. Pre-treatment steps, such as pre-filtration, de-
ironing, and ultrafiltration (UF), are employed to remove colloidal particles and reduce membrane fouling, thereby
enhancing longevity. Previous studies have shown that a two-stage reverse osmosis (RO-RO) system for geothermal
water desalination (with initial mineralization of 2.5 g/L) produces permeate with a mineralization of 0.094 g/L
and permissible heavy metal concentrations that do not adversely affect the quality or safety of irrigation water.
Furthermore, due to the permeate’s physicochemical composition, treated geothermal water can be used for drip
irrigation without the risk of clogging installations. Future innovations should focus on energy-efficient membrane
materials and real-time monitoring to further optimize the desalination process, ensuring sustainable agricultural

reuse without soil or crop contamination.

Introduction
In many regions worldwide, limited access to safe drinking
water remains a critical challenge, further intensified by
population growth, urbanization, and economic development.
Although geothermal waters are abundant, their utilization is
often constrained by elevated concentrations of heavy metals
(e.g., Cd, Pb, and As) and trace elements (e.g., B). To meet the
quality standards required for agricultural irrigation, advanced
membrane-based separation technologies are necessary.
However, this requirement presents significant challenges
to the direct use of geothermal water in such applications,
particularly in terms of energy consumption and water
utilization efficiency. Heavy metals are commonly found in
geothermal waters, typically in dissolved form (Briffa et al.
2020). To ensure the safe use of geothermal water for crop
irrigation, these contaminants must be effectively removed in
accordance with international water quality standards (e.g.,
WHO, EU) and relevant regulatory guidelines (WHO 2011,
Minister of Health 2017, Directive EU 2020).

In many cases, the established limits are extremely low,
sometimes in the range of pg/dm?3. The presence of heavy

metals in water constitutes a significant environmental
concern, as it can increase their accumulation in soil, from
which plants may subsequently absorb these compounds
along with other nutrients (Soleimani et al. 2023).
Contamination of both irrigation water and soil with lead
or cadmium, particularly when combined with deficiencies
in essential nutrients, poses a serious threat to quality and
safety of agricultural products. Potassium feldspar-derived
adsorbent (PFDA) shows strong potential as a cost-effective
alternative to conventional methods for removing heavy
metals and mitigating nutrient shortages in irrigation water,
thereby providing a sustainable solution and supporting the
efficient utilization of potassium feldspar resources (Lin et
al. 2024).

As a result of evolving quality standards, increasing
anthropogenic pollution, and other threats to crop quality, the
concept of precision agriculture (PA) was officially adopted
in 2024 by the International Society of Precision Agriculture
(ISPA) (Zaman 2023, Salcedo-Arancibia et al. 2024).
Environmental pollution caused by human activity has become
a global concern. Researchers have confirmed the presence of
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heavy metals in soil, irrigation water, and cultivated vegetables
in Cameroon (Mewouo et al. 2024).

In South Africa, in response to growing global awareness
of the importance of water quality monitoring, studies were
conducted to assess, among other factors, the presence of
heavy metals. The results indicated that water sources in
the Rustenburg area are currently safe for agricultural and
domestic use. At the same time, the findings highlight the
critical importance of continuous monitoring and the risks
posed by anthropogenic contamination from various sources
(Olagbaju and Wojuola 2024).

In Egypt, studies evaluating the accumulation of heavy
metals in soil and agricultural crops irrigated with drain
water demonstrated that, to ensure safe contaminant levels,
pretreatment in sewage treatment plants is necessary. In
particular, concentrations of Co, Cr, and Ni in soils near
industrial facilities exceeded background reference levels
(Romeh et al. 2025). Furthermore, Khan et al. 2025 emphasized
that untreated or insufficiently treated sewage water used
for irrigation can increase salinity, nutrient loads, and soil
organic matter, as well as contamination risk. Consequently,
the urgent development of effective wastewater management
and treatment strategies is essential to protect agricultural soils
from heavy metal contamination.

Heavy metal contamination requires urgent mitigation,
highlighting the crucial role of membrane separation
technologies as effective treatment solutions. The use of
appropriately selected membrane process parameters, along
with the application of improved membranes featuring
enhanced selectivity and permeability, can ensure a stable water
treatment process that is resistant to fouling and achieves high
retention of heavy metals (Alias et al. 2025). Previous studies
from various regions worldwide highlight the importance of
analyzing water, including wastewater, groundwater, sewage,
and geothermal water, prior to its use in crop irrigation. In
many cases, these studies highlight the necessity of treatment
before reuse (Chaoua et al. 2019, Romeh et al. 2025, Khan et
al. 2025, Mizerna et al. 2025). Membrane processes, especially
nanofiltration (NF) and reverse osmosis (RO), are effective for
the treatment and disinfection of water from diverse sources,
including geothermal wastewater (Bodzek et al. 2019).

The article presents the results of an assay aimed at
examining the removal efficiency of heavy metals from
geothermal wastewater using a two-stage RO-RO system
connected in series on a semi-industrial scale. This configuration
was designed to achieve low boron concentration in the treated
water (Tomaszewska and Bodzek 2013a, Tomaszewska
and Bodzek 2013b). The water used in the experiments was
characterized by elevated mineralization, approximately 2.5
g/L. All processes were conducted at a semi-industrial scale
under optimized process parameters.

Materials and methods

Apparatus

The semi-industrial water treatment plant was designed with
a technological system comprising three primary stages, each
aligned with the specific function of the installed equipment:
(1) initial water pre-treatment, (2) main treatment using an
RO-RO connected in series, and (3) final conditioning to
ensure water quality suitable for agricultural irrigation. The

feed water temperature was set to 30+1°C. The duration of the
water treatment process was 24 hours. The study presents the
results of the first experiment conducted to investigate water
extraction for agricultural use.

The general layout of the treatment system is illustrated in
Figure 1. The pre-treatment phase employed a set of devices,
indicated in blue in Figure 1, including a mechanical filter, an
iron removal unit, and an UF module. These components serve
to prepare raw geothermal wastewater for subsequent high-
pressure membrane-based processes, ensuring the protection
and efficient performance of sensitive filtration membranes by
removing suspended solids and other potential foulants. The
iron removal system is equipped with an automated rinsing
function that activates periodically to flush out accumulated
contaminants (Tomaszewska and Bodzek 2013a, Tomaszewska
and Bodzek 2013b). This backwashing process is fully
controlled by an automatic system. In the final step of pre-
treatment, following mechanical filtration and iron removal,
the water passes through the UF module, which is equipped
with a UF membrane manufactured by DOW FILMTEC.

The second key stage of the treatment process involved a
two-stage RO-RO desalination system, employing membranes
arranged in series, along with a module for pH adjustment of
the permeate from both the first and second stages. The pH
was adjusted to 5.5 prior to RO-1 using HCI and subsequently
corrected to 10 before RO-2 using NaOH (Figure 1). In the
final stage, additional pH adjustment was performed in
accordance with the requirements for irrigation water quality.
This operational strategy represented a key factor in reducing
boron concentration in the permeate (Kabay et al. 2013,
Tomaszewska and Bodzek 2013a, Tomaszewska and Bodzek
2013b, Jarma et al. 2021). The RO units were equipped with
BW30FR-400 membranes (DOW FILMTEC), which are
thin-film composite polyamide membranes (Product Card —
BW30FR-4000 membrane). The permeate produced by the first
RO unit served as the feed water for the second unit. The system
operated at a permeate recovery rate of 60%, with operating
pressures maintained at 11 bar for the first RO stage and 10
bar for the second stage. The geothermal feed water flow rate
entering the desalination system ranged from 4 to 5 m3/h, with
an average of approximately 4.5 m3/h. In the final treatment
step, the RO permeate underwent additional ultraviolet (UV)
disinfection to eliminate potential microbial contaminants
(Tomaszewska and Bodzek 2013a, Tomaszewska and Bodzek
2013b, Tomaszewska ed. 2018). This step completed the
geothermal water treatment process. An automated control
system governed the operation of individual components,
ensuring coordinated and efficient functioning throughout
the treatment sequence. Given the research-oriented nature
of the installation, the system was additionally equipped
with monitoring instrumentation and sampling ports at key
locations, enabling the collection of operational data and
water samples for laboratory-based physicochemical analyses.
Following both RO stages, permeate samples were collected
via sampling taps and analyzed in an accredited laboratory to
assess water quality parameters.

Geothermal water
The concentrations of heavy metals in geothermal wastewater
(used for heating purposes) were determined in an accredited
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Fig 1. Scheme of the water treatment installation including UF/RO-1/RO-2 processes

laboratory in accordance with current international standards,
using inductively coupled plasma mass spectrometry (ICP-
MS) and inductively coupled plasma optical emission
spectrometry (ICP-OES). Table 1 shows the concentrations
of heavy metals in raw geothermal water used for membrane
tests, compared with drinking water standards established by
WHO, EU directives, and national (Polish) legislation (WHO
2011, Minister of Health 2017, Directive EU 2020), as well as
the guidelines provided by Flood (1996) and Bailey (1999).
Water quality for irrigation is often benchmarked against
drinking water standards due to the absence of strict regulatory
limits for irrigation water and to ensure plant and soil safety.

Analysis method of water quality

To evaluate the performance of semi-industrial-scale process,
the retention coefficients (R,[%) of heavy metals were
calculated based on the following equation:

R =

C
——”]-100%
C

n

where: R — the retention coefficient [%]; Cp — the concentration
of a given parameter in the permeate [mg/L]; C - the
concentration of the corresponding parameter in geothermal
wastewater [mg/L].

Permeate suitability for agricultural irrigation — heavy
metals content

The suitability of the permeate for irrigation purposes, with
particular emphasis on heavy metal content, was assessed by
comparison with drinking water standards established by the
WHO, EU directives, and national (Polish) regulations (WHO
2011, Minister of Health 2017, Directive EU 2020), as well

as the guideline values reported by Flood (1996) and Bailey
(1999) (Table 1).

Results

Following the semi-industrial tests using the proposed treatment
system, the retention coefficients of heavy metals were calculated
(Table 2). For most analyzed heavy metals, retention coefficients
exceeding 99.9% were achieved, confirming the near-complete
removal of these constituents from the treated water. Only
mercury (Hg) exhibited a retention coefficient of zero; however,
this does not compromise the quality of the resulting permeate, as
the concentration of mercury in the raw geothermal wastewater
remained within acceptable limits. For waters containing
elevated mercury concentrations , additional treatment steps
may be necessary to meet specific quality standards. The symbol
‘> indicates that the retention coefficient for a given element
could not be calculated because its concentration in the raw
geothermal water was below the detection limit.

Table 3 presents the results of the physicochemical analyses
of the permeate, as well as the permeate supplemented with a
nutrient solution (safe for crops and human health), applied at
a dosage adjusted to the permeate parameters, primarily pH
and EC values.

The experiment aimed to produce treated geothermal water
with properties suitable for agricultural irrigation. Accordingly,
based on the legal regulations outlined in Table 1, as well as
relevant recommendations, the quality of both the permeate
and the nutrient-enriched permeate (with adjusted pH) was
evaluated in terms of their suitability for crop irrigation.
Based on the obtained results, as well as the requirements and
recommendations provided by researchers and Polish, WHO,
and EU regulations, it was decided to supplement the treated
geothermal water with an appropriate dose of nutrients and
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Table 1. Concentration of heavy metals in geothermal wastewater against the background of drinking water standards defined by

WHO, EU directives, and national (Polish) legislation (WHO 2011, Minister of Health 2017, Directive EU 2020), as well
as the guidelines provided by Flood (1996) and Bailey (1999).

WHO Regulation of the
FrLengjnt Geothermal wastewater s;:?;il]-d [nlféjl Ls]t?gi(:::iie ;°I-III:: I_tll\!lI I[nr:'nsg:le Lr] EI:i?edy(: 1%%(2)’
(WHO EU 2020) (Minister of
2011) Health 2017)
TDS 2351.50 500 - - -
EC [mS/cm] 3.67 - 2.5 2.5 1.1
pH 6.9 6.5-8.5 6.5-9.5 6.5-95 5-7
Cu 0.01 2.0 2.0 2.0 0.08 -0.15
Se <0.001 0.04 0.01 - -
As 0.013 0.01 0.01 0.01 0.01
Cr <0.005 0.05 0.05 0.05 0.1
Cd <0.0003 0.003 0.003 0.003 0.01
Ni <0.001 0.07 0.02 0.02 0.2
0.01 (from January
Pb 0.0045 0.01 1, 2036, reduced to 0.01 0.015
0.005)
Hg 0.0003 0.006 0.001 0.001 0.001

HCI solutions. The pH was adjusted to 6.5 by adding 500 mL
of an HCI solution—prepared by dissolving 10 mL of HCl in
1 L of distilled water. This approach aimed to decrease the pH
of the treated geothermal water and increase the concentration
of essential ions required for agricultural cultivation (nutrient
addition), while simultaneously maintaining low levels of
heavy metals.

Based on the data presented in Table 4, all analyzed
elements (heavy metals) meet the requirements set by WHO,

Table 2. The calculated retention coefficients R [%] of heavy
metals for the analyzed permeate.

Element Permeate
R [%]

TDS 96.8
Cu >99.9
Se -
As >99.9
Cr -
Cd -
Ni -
Pb >99.9
Hg 0

EU, and Polish regulations, as well as the recommended
values reported by previous studies. The addition of HCI
reduced the pH to levels suitable for drinking water and
irrigation purposes. Furthermore, the supplementation with a
nutrient solution—applied at a dosage adjusted to the pH and
EC values—resulted in a mixture with a total dissolved solids

Table 3. The concentration of heavy metals in the obtained
permeate and permeated with nutrient addition.

Element Perm.e.ate with. added
[mg/L] Permeate nutlf':)t:oi:lri- ad.justed
gation

TDS 93.8 618.3

EC [mS/cm] 0.339 1.766

pH 11.1 6.5

Cu <0.001 0.119

Se <0.001 <0.001

As <0.001 <0.001

Cr <0.005 <0.005

Cd <0.0003 <0.0003

Ni <0.001 <0.001

Pb <0.0001 0.0007

Hg 0.0003 0.0003
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Table 4. The evaluation of the fulfillment of drinking water requirements and recommendations for irrigation purposes was
conducted following WHO, EU and Polish regulations as well as according to Flood (1996) and Bailey (1999) recommendations

(Flood 1996, Bailey et al. 1999, WHO 2011, Minister of Health 2017, Directive EU 2020).

WHO Regulation of the Flood Permeate with
standard | EU standards Polish Minister e
Element L L1 (Di . f Health L (1996), P added nutrition
[mg/L] [mg/L] | [mg/L] (Directive | of Health [mg/L] Bailey ermeate - adjusted for
(WHO EU 2020) (Minister of Health (1999) irriqation
2011) 2017) 9
TDS 600 - - - within slightly above
EC [mS/cm] - 2.5 2.5 1.1 within within
pH 6.5-8.5 6.5-9.5 6.5-9.5 5-7 above within
Cu 2.0 2.0 2.0 0.08-0.15 within within
Se 0.04 0.01 - - within within
As 0.01 0.01 0.01 0.01 within within
Cr 0.05 0.05 0.05 0.1 within within
Cd 0.003 0.003 0.003 0.01 within within
Ni 0.07 0.02 0.02 0.2 within within
0.01 (from
Pb 0.01 January 1, 2036 0.01 0.015 within within
reduced to 0.005)
Hg 0.006 0.001 0.001 0.001 within within

(TDS) concentration slightly above the recommended value
for high-quality water. This minor exceedance is not expected
to adversely affect crop quality, even for plants sensitive to
water salinity.

Based on the obtained results, it can be concluded that
heavy metal ions, even at low concentrations, can be effectively
removed from aqueous solutions using RO, specifically a
two-stage RO-RO system (Tomaszewska and Bodzek 2013a,
Tomaszewska and Bodzek 2013b). The membrane used in
the process retained the majority of dissolved salts (Bodzek
and Konieczny 2011a, Bodzek and Konieczny 2011b,
Tomaszewska and Bodzek 2013a, Tomaszewska and Bodzek
2013b, Tomaszewska ed. 2028, Tyszer and Tomaszewska
2021, Tyszer et al. 2021). However, in cases where the
retention coefficient of a specific heavy metal is insufficient,
additional treatment methods may be required (Korus et
al. 2020). Activated carbon, for example, can significantly
enhance the removal efficiency of metal cations, with mercury
showing particularly high adsorption potential. For higher
concentrations of metals (above 500 mg/L), electrodialysis
may be used, whereas at low concentrations (below 5 mg/L),
biosorption or ion exchange can be applied. However, the use
of these complementary methods may alter physicochemical
properties, potentially causing non-compliance with irrigation
or drinking water standards (Dgbowski and Lach 1996, Bodzek
and Konieczny 2011a, Bodzek and Konieczny 2011b, Zaman
etal. 2018). Alternative selective removal techniques have also
been reported. Sapropel has been used to remove cadmium,
chromium, copper, and zinc from aqueous solutions, achieving
removal rates of 84-93% depending on the metal, with contact
time ranges from 15 to 60 minutes (Albrektiene-Placake and
Paliulis 2024). Deep eutectic solvents (DESs) have been applied

in both solvent extraction and membrane processes for metal
iron removal from various aqueous solutions (Kaczorowska
and Bozejewicz (2025) . Pb (II) removal efficiencies up to
99% have been demonstrated using Theobroma cacao L. as a
bioadsorbent in packed columns under optimized conditions
(Tejada Tovar et al. 2025). Thagi et al. (2025) stated that lignite
is an effective raw material for the adsorption of Pb (II) and
Cd (II) ions from aqueous solution, with 0.5M hydrochloric
acid being the most effective regenerating agent (Thagi et al.
2025). Biosorption using algal cultures has been explored
as well. Cyganowska (2023) examined a pure culture of
Raphidocelis subcapitata and a mixed chlorophyta population
for copper and lead removal from industrial wastewater
generated in battery manufacturing. Longer contact times
increased removal efficiency, with an optimum duration of 1
hour. Although removal rates of 43-72% were achieved, the
author noted that process efficiency could be further improved
by adjusting the pH.

Membrane filtration, particularly ultrafiltration (UF) and
microfiltration (MF), can support and enhance the disinfection
of water and biologically treated wastewater, while
nanofiltration (NF) and reverse osmosis (RO) can serve as
primary treatment methods for geothermal waters (Bodzek et
al. 2019). Based on the present experiment, geothermal waters
represent a potentially high-quality alternative water source
that, after appropriate treatment, can be used for crop irrigation.
These waters exhibit a relatively stable physicochemical
composition and are generally free from anthropogenic or
biological contamination. In contrast, pre-treated wastewater
from conventional treatment plants may pose a contamination
risk for crops (Chaoua et al. 2019, Romeh et al. 2025, Khan et
al. 2025, Mizerna et al. 2025).
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Despite being used for energy production, geothermal
wastewaters in their natural state may contain slightly
elevated concentrations of certain heavy metals. However, the
proposed treatment system enabled the production of high-
quality permeate that is safe for both plants and soil in terms
of heavy metal content. Researchers from Turkey have also
demonstrated that spent geothermal water, when treated
using integrated pressure-driven separation processes, can
be safely reused for agricultural irrigation. They emphasized
that properly designed systems incorporating pressure-driven
membranes allow the reuse of geothermal water, reducing the
demand on conventional drinking water sources (Jarma et al.
2022a, Jarma et al. 2022b). Consequently, the use of renewable
energy sources to treat geothermal water for agricultural
irrigation can reduce the sector’s reliance on fossil energy
(Tomaszewska et al. 2021).

Conclusions

This study aimed to evaluate the efficiency of heavy metal
removal from geothermal wastewater on a semi-industrial scale
using a two-stage RO-RO module connected in series, with the
goal of producing permeate suitable for agricultural irrigation.
The use of untreated geothermal wastewater for irrigation can
increase heavy metal concentrations in crops, particularly due
to the naturally elevated arsenic levels . Treating geothermal
wastewater to produce water suitable for irrigation is therefore
a promising solution, especially in the context of climate
change, which is leading to longer and more frequent droughts
and expanding areas at risk of water scarcity.

This article presents the results of experiments assessing the
potential reuse of geothermal wastewater permeate, generated
by a properly designed and optimized desalination system, as
an alternative water resource for agricultural applications. The
wastewater, originating from geothermal heating operations,
was subjected to membrane-based treatment under controlled
process conditions. Pre-treatment of raw water in the semi-
industrial process played an important role in ensuring the
effective retention of the analyzed components.

Based on the results obtained, the treated water complies
with the quality criteria specified in the Regulation of the
Minister of Health of 7 December 2017 on the quality of
water intended for human consumption (Journal of Laws of
2017, item 2294 - Minister of Health 2017) and meets the
recommendations for irrigation purposes.

Acknowledgements

This research was co-financed and supported by the “Excellence
initiative-research university” Program at AGH University
of Krakow and by the NCBR POLTUR3/Geo4Fo0d/4/2019
Project.

References

Albrektiene-Placake R. & Paliulis D. (2024). Investigation on
applying sapropel for removal of heavy metals (cadmium,
chromium, copper, and zinc) from aqueous solutions, Archives
of Environmental Protection 50, 2, pp. 55-64. DOI.10.24425/
aep.2024.150552

Alias, M.S., Ang, W.L. & Mohammad A.W. (2025). Water security
through membrane

next-generation  surface-engineered

technologies for heavy metal removal, Journal of Environmental

Chemical  Engineering 117641.
jece.2025.117641

Bailey, D., Bilderback, T. & Bir D. (1999). Water considerations
for container production of plants, Hort, Info. Leaflet, North
Carolina State University, 1999, #557.

Bodzek, M. & Konieczny, K. (2011a). Removal of inorganic pollutants

13,5, DOI:10.1016/j.

from the aquatic environment using membrane methods, Seidel-
Przywecki Sp. z 0.0., Warszawa 2011. (in Polish)

Bodzek, M. & Konieczny, K. (2011b). Membrane techniques in
the removal of inorganic anionic micro-pollutants from water
environment—state of the art, Archives of Environmental
Protection 37,2, pp. 15-29.

Bodzek, M., Konieczny, K. & Rajca, M. (2019). Membranes in water
and wastewater disinfection — review, Archives of Environmental
Protection 45,1, pp. 3-18. DOI:10.24425/aep.2019.126419

Briffa J., Sinagra E. & Blundell R. (2020). Heavy metal pollution
in the environment and their toxicological effects on humans,
Heliyon 6, €04691. DOI:10.1016/j.heliyon.2020.04691

Chaoua, S., Boussaa, S., El Gharmali, A. & Boumezzough, A. (2019).
Impact of irrigation with wastewater on accumulation of heavy
metals in soil and crops in the region of Marrakech in Morocco,
Agricultural  Sciences 18,4, pp. 429-436. DOI:10.1016/.
jssas.2018.02.003

Cygnarowska, K. (2023). The use of algae to remove copper and
lead from industrial wastewater, Geology, Geophysics and
Environment 49, 1, pp. 85-93. DOI:10.7494/ge01.2023.49.1.85

De¢bowski, Z. & Lach, J. (1996). Removal of heavy metal cations
on activated carbons. Ochrona Srodowiska 61, 2, pp. 23-25. (in
Polish)

Directive EU, 2020 - Directive (EU) 2020/2184 of the European
Parliament and of the Council of 16 December 2020 on the
quality of water intended for human consumption, published
in the Official Journal of the European Union L 435, 23
December 2020, 1-62.

Flood, D. (1996) Irrigation Water Quality for British Columbia
Greenhouses, Floriculture Factsheet, pp. 1-8.

Jarma, Y.A., Karaoglu, A., Tekin, O. Baba, A., Okten, H.E.,
Tomaszewska B., Bostanci, K., Arda, M. & Kabay N. (2021).
Assessment of different nanofiltration and reverse osmosis
membranes for simultaneous removal of arsenic and boron from
spent geothermal water, Journal of Hazardous Materials 405,
124129. DOI:10.1016/j.jhazmat.2020.124129

Jarma, Y.A., Karaoglu, A., Tekin, O., Senan, LR.A, Baba, A. &
Kabay, N. (2022a).
separation processes for the production of agricultural irrigation

Integrated pressure-driven membrane

water from spent geothermal water, Desalination 523, 115428.
DOI:10.1016/j.desal.2021.115428

Jarma, Y.A., Karaoglu, A., Senan, [.LR.A, Meri¢, M.K., Kukul,
Y.S., Ozagakal, E., Barlas, N.T., Cakici, H., Baba, A. &
Kabay, N. (2022b). Utilization of membrane separation
processes for reclamation and reuse of geothermal water in
agricultural irrigation of tomato plants-pilot membrane tests and
economic analysis, Desalination 528, 115608. DOI:10.1016/j.
desal.2022.115608

Kabay, N., Koseoglu, P., Yavuz, E., Yiiksel, U. & Yiikse, M. (2013). An
innovative integrated system for boron removal from geothermal
water using RO process and ion exchange-ultrafiltration hybrid
method, Desalination 316, pp. 1-7.DOI:10.1016/j.desal.2013.01.020

Kaczorowska, M.A. & Bozejewicz, D. (2025). Green and sustainable
separation of metal ions and synthetic dyes from aqueous


https://doi.org/10.1016/j.jssas.2018.02.003
https://doi.org/10.1016/j.jssas.2018.02.003
https://doi.org/10.1016/j.desal.2013.01.020

www.czasopisma.pan.pl P N www.journals.pan.pl
Y

34 Barbara Tomaszewska, Magdalena Tyszer, Leszek Pajak, Aleksandra Kasztelewicz

solutions using deep eutectic solvents. A mini review, Archives
of Environmental Protection 51, 2, pp. 24-33. DOI:10.24425/
aep/2025.154753

Khan, Z.1., Shahid, M., Ashfaq, A., Ahmad, K., Fatima, S., Bashir, S.,
Noorka, I.R., Ashfar, M.I., Memona, H., Seleiman, M.F., Alotaibi,
M. & Ali, N. (2025). Assessing heavy metal bioaccumulation
in radish and soil under wastewater and canal water irrigation,
Annals of Agricultural Sciences 70, 100388. DOI:10.1016/j.
a0as.2025.100388

Korus, 1., Bobik, M. & Bak, K. (2020). Influence of ionic environment
on the process of adsorption of heavy metal ions on magnetic
iron oxides, Desalination and Water Treatment 186, 224-233.
DOI:10.5004/dwt.2020.25330

Lin, Y., Zhang, X., Fu, Y., Xu, C., Yang, X., Tan, Z., Lin, H. & Chen,
G. (2024). Enhancing irrigation water quality efficiently with
potassium feldspar-derived adsorbent: Heavy metal detoxification
and nutrient augmentation, Ecotoxicology and Environmental
Safety 281, 116648. DOI:10.1016/j.ecoenv.2024.116648

Mewouo, Y.C.M., Traore, M., Zing, B.Z., Aboubakar, A., Oyono, S.O.,
Nzeket, A.B., Begoude, D., Ngoupayou, J.R.N., Gnankambary, Z.
& Nacro, H.B. (2024). Evidence of heavy metal in soil, irrigation
water and vegetable cultivated in peri-urban area of Yaounde-
Cameroon, Scientific African 25, ¢02280. DOI:10.1016/].
sciaf.2024.¢02280

Minister of Health 2017 - Regulation of the Minister of Health of
7 December 2017 on the quality of water intended for human
consumption (Journal of Laws 2017, item 2294).

Mizerna, K., Krol, A., Janowska-Renkas, E. & Kaliciak-Kownacka,
A. (2025). Environmental impact of waste-derived geopolymer
composites: heavy metal leaching and risk assessment, Archives
of Environmental Protection 51, 2, pp. 3-15. DOI:10.24425/
aep/2025.154751

Olagbaju, P.O. & Wojuola, O.B. (2024). Environmental assessment of
toxic heavy metals and natural radionuclides in irrigation water
from Rustenburg, South Africa, Physics and Chemistry of the
Earth 136, 103773. DOI:10.1016/j.pce.2024.103773

Product Card — BW30FR-4000 membrane - https://www.lenntech.
com/Data-sheets/Dow-Filmtec-BW30FR-400.pdf  [accessed:
December 2025].

Romeh, A.A.A., Negm, AM. & Elhelbawy, M.A. (2025).
Accumulation of heavy metals in soil, medicinal plants and
agricultural crops irrigated with drain water. Case study of Bahr
El-Baqar Drain, Egypt, Marine Pollution Bulletin 217, 118105.
DOI:10.1016/j.marpolbul.2025.118105

Salcedo-Arancibia, F., Gutierrez, M. & Chavoya, A. (2024). Design,
modeling and in silico simulation of bacterial biosensors for
detecting heavy metals in irrigation water for precision agriculture,
Heliyon 10, €35050. DOI:10.1016/j.heliyon.2024.e35050

Soleimani, H., Mansouri, B., Kiani, A., Omer, A K., Tazik, M.,
Ebrahimzadeh, G. & Sharafi, K. (2023). Ecological risk

assessment and heavy metals accumulation in agriculture soils
irrigated with treated wastewater effluent, river water, and well
water combined with chemical fertilizers, Heliyon 9, ¢14580.
DOI:10.1016/j.heliyon.2023.14580

Tomaszewska, B. & Bodzek, M. (2013a). Desalination of geothermal
waters using a hybrid UF-RO process. Part I: Boron removal in
pilot-scale tests, Desalination 319, pp. 99-106. DOI:10.1016/].
desal.2012.05.029

Tomaszewska, B. & Bodzek, M. (2013b). Desalination of geothermal
waters using a hybrid UF-RO process. Part II: Membrane
scaling after pilot-scale tests, Desalination 319, pp. 107-114.
DOI:10.1016/j.desal.2013.01.030

Tomaszewska, B. (2018). Obtaining drinking water and balneological
liquids and substances in the process of geothermal water
treatment, IGSMIE PAN, Krakoéw. (in polish)

Tomaszewska, B., Akkurt, G.G., Kaczmarczyk, M., Bujakowski,
W., Keles, N., Jarma, Y.A., Baba, A., Bryjak, M. & Kabay, N.
(2021). Utilization of renewable energy sources in desalination
of geothermal water for agriculture, Desalination 513, 115151.
DOI:10.1016/j.desal.2021.115151

Tovar, C.N.T., Ortiz, A.V. & Delgado, A.D.G. (2025). Simulation of
a packed column for the removal of Pb(II) from solution using
Theobroma cacao L. as a bioadsorbent, Archives of Environmental
Protection 51, 2, pp. 34-38. DOI:10.24425/aep/2025.154754

Thagi B., Gashi S., Podvorica F., Sopaj F., Hasani G., Veseli A. &
Prado-Roller, A. (2025). Study of lignite as the raw material
for adsorption of Pb(II) and Cd(II) ions from aqueous solution,
Archives of Environmental Protection 51, 3, pp. 31-39.
DOI:10.24425/aep.2025.156007

Tyszer, M. & Tomaszewska, B. (2021). A detailed analysis of the
influence of selected process parameters on the desalination
of geothermal water using nanofiltration/reverse osmosis
membranes, Desalination and Water Treatment 214, pp. 321-
337. DOI:10.5004/dwt.2021.26704

Tyszer, M., Tomaszewska, B. & Kabay, N. (2021). Desalination of
geothermal wastewaters by membrane processes: Strategies for
environmentally friendly use of retentate streams, Desalination
520, 115330. DOI:10.1016/j.desal.2021.115330

WHO, World Health Organization, Guidelines for Drinking-Water
Quality, 4th ed., 2011, ISBN: 978 92 4 154815 1.

Zaman, M., Shahid, S. A. & Heng, L. (2018). Irrigation water
quality, in: Guideline for Salinity Assessment, Mitigation and
Adaptation Using Nuclear and Related Techniques, Springer
2018. DOI:10.1007/978-3-319-96190-3_5

Zaman, Q. (2023). Precision Agriculture Evolution, Insights and
Emerging Trends, Academic Press 2023. DOI:10.1016/C2022-
0-01117-X


https://doi.org/10.1016/j.pce.2024.103773
https://www.lenntech.com/Data-sheets/Dow-Filmtec-BW30FR-400.pdf
https://www.lenntech.com/Data-sheets/Dow-Filmtec-BW30FR-400.pdf
https://doi.org/10.1016/j.desal.2021.115151
https://doi.org/10.1016/C2022-0-01117-X
https://doi.org/10.1016/C2022-0-01117-X

www.czasopisma.pan.pl P N www.journals.pan.pl

N
S~
KADEMIA NAUK

Heavy metals separation from geothermal waters for agricultural irrigation 35

Separacja metali ciezkich z woéd geotermalnych na potrzeby nawadniania w rolnictwie

Streszczenie: Odwrocona osmoza (RO) jest jedna z najczesciej stosowanych technologii umozliwiajacych bezpieczne ponowne
wykorzystanie wody. Technologia ta moze by¢ stosowana do odzysku wod odpadowych w nawadnianiu upraw. W niniejszym
artykule przedstawiono wyniki badan dotyczacych wykorzystania dwustopniowego systemu odwroconej osmozy (RO) potaczonego
szeregowo w celu uzyskania wody do zastosowan rolniczych. Kluczowym elementem zastosowania tej technologii byto osiagnigcie
oczekiwanego stezenia boru. W artykule omoéwiono skutecznos$¢ technologii w odniesieniu do zawartosci metali ci¢zkich
w permeacie. Etapy wstepnego uzdatniania, takie jak wstegpna filtracja, odzelazianie oraz ultrafiltracja (UF) w celu usunigcia czastek
koloidalnych i1 zmniejszenia zanieczyszczenia membran, zwigkszaja trwato§¢ membran. Badania wykazuja, ze zastosowanie
dwustopniowego systemu odwroconej osmozy (RO-RO) do odsalania wod geotermalnych (o poczatkowej mineralizacji 2,5 g/L)
pozwala uzyska¢ permeat o mineralizacji 0,094 g/L oraz dopuszczalnych stezeniach metali cigzkich, ktore nie wptywaja na jakosc¢
ani bezpieczenstwo nawadniania upraw. Dodatkowo, dzigki fizykochemicznemu sktadowi permeatu, uzdatniong wode geotermalna
mozna stosowa¢ do nawadniania kropelkowego bez ryzyka zatkania instalacji. Przyszte innowacje powinny koncentrowac si¢ na
energooszczednych materiatach membranowych oraz monitorowaniu w czasie rzeczywistym, aby jeszcze bardziej zoptymalizowaé
proces odsalania, zapewniajac zrownowazone ponowne wykorzystanie wody w rolnictwie bez ryzyka skazenia gleby lub upraw.
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