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INTRODUCTION

Heavy metals are one of the most harmful 
pollutants that enter the freshwater for mining 
and agricultural activities, i.e., via the usage of 
pesticides and fertilisers, which of these ele-
ments, considering that they are traps for various 
elements (Khan et al., 2018; Ateshan and Misnan, 
2025b). Most researchers agree on defining envi-
ronmental pollution as the unsuitable transforma-
tion of our entire or most of our environment as 
a result of human and natural activities through 
their direct and indirect effects on energy flow, 

radiation levels, physical and chemical composi-
tion, and the abundance of living organisms (Dai 
et al., 2013; Ateshan and Saxena 2015; Jha et al., 
2024). Heavy metal pollution is considered one 
of the most dangerous types of water pollution 
because it consists of transition elements that 
can form stable, complex compounds with most 
organic and inorganic compounds found in the 
bodies of living organisms. This leads to their ac-
cumulation within these living ecosystems. Fur-
thermore, they are characterized by their inabil-
ity to decompose, their stable nature, and their 
toxicity (Pagar et al., 2024; Ateshan and Misnan, 
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ABSTRACT

For this study, two blue-green algae species (Spirulina platensis and Anabaena sp.) were isolated 
from the Al-Gharraf River in Al-Shatra city of the Iraq in 2025, and were exposed to two types of heavy 
metals chromium (Cr) and lead (pb) at several concentrations 1.0, 2.0, 0.25, 0.50, and 0.10 mg/l for 
two weeks in order to determine their capacity to accumulate. The study results indicated that the algal 
Spirulina platensis collected the highest amount 1.726 µg/gm dry weight for chromium element at the 
same treatment 2 mg/l whereas the algal Anabaena sp collected the highest amount 1.535 µg/gm dry 
weight for chromium element at the same treatment 2 mg/l. In contrast, the algal Spirulina platensis 
accumulated 0.59 µg/gm of dry Anabaena sp weight of the same element at the same treatment 2 mg/l 
while the algal accumulated more of the element 1.28 µg/gm of dry weight. The statistical analysis 
showed some significant differences between the two types of algae with respect to concentration of 
chromium and lead elements for the different treatments. There was also a gradient in the concentrations 
of the elements added between the treatments; The higher the concentration added the higher was the 
concentration of the heavy metals on the algal.
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2025a; Kazmi et al., 2026). Heavy metals have a 
direct impact on living organisms, including al-
gae. The concentration of heavy metals in aquatic 
organisms depends on several factors, some re-
lated to the environmental conditions surround-
ing the organism and others related to the organ-
ism’s biological characteristics (Anastasiadi and 
Beemelmanns 2023; Ateshan, 2025a; Hanusch et 
al., 2026). As a result of the increasing discharge 
of industrial, agricultural, and domestic waste 
into the aquatic environment, coupled with the 
inefficiency of traditional methods for detecting 
the chemical pollutants contained in this waste, 
researchers have had to use other methods for 
detection, including bioindicators. Many living 
organisms, including algae, have been used as 
bioindicators for this purpose (Martínez-Burgos 
et al., 2024; Haider, 2025a). Algae are important 
components of various ecosystems, and their im-
portance lies in being primary producers upon 
which other living organisms depend for their 
food. They are the first link in the food chain, 
and through photosynthesis, they provide the 
medium in which they grow with large quantities 
of oxygen, which is essential for the respiration 
of other organisms (Dyksma and Pester, 2023; 
Misnan et al., 2026). It has attracted considerable 
global attention in recent years for the natural 
products it produces, its ability to treat waste-
water and heavy water, as well as its usefulness 
as an energy product (Al Sailawi et al., 2019; 
Dhokpande et al., 2024). Its significant role in 
reducing environmental pollution is due to its 
suitability for the bioremediation process (Bala 
et al., 2022; Al-Janabi, 2026). It has the ability 
to take up many heavy elements present in the 
aquatic environment and accumulate them within 
its cells. The accumulated quantities depend on 
the type of alga, its physiological state, its resis-
tance mechanism, the type and concentration of 
the element, and the presence or absence of other 
elements in the growth medium (Azemi et al., 
2021; Yang et al., 2026). Given the importance 
of algae, they can be used in biological treat-
ment, including wastewater treatment, by con-
suming nutrients such as carbon, nitrogen, and 
other elements resulting from the decomposition 
of industrial, agricultural, and domestic waste. 
Thus, algae can be considered an important bio-
logical filter for recycling various types of waste 
(Jasim et al., 2021; Yana et al., 2026). Therefore, 
the study aimed to use bioremediation in reha-
bilitating the ecosystem using the algae Spirulina 

platensis and Anabaena sp. due to their high ef-
ficiency in removing heavy metal elements from 
the aquatic environment.

METHODOLOGY

Study locations

Four sites were selected for the current study 
on the Al-Gharraf River, a branch of the Tigris 
River near the city of Al-Shatra. The first site is 
located northwest of Al-Shatra, at the river’s entry 
into the city in the Al-Gharraf area, 10 km from the 
sewage treatment plant. The second site is located 
on the river in the sewage discharge area from the 
Al-Shatra treatment plant. The third site is the most 
polluted with organic pollutants, as it receives 
large quantities of untreated sewage and contains 
organic waste. It is also located on the river in the 
sewage discharge area. Finally, the fourth site is lo-
cated southeast of the city on the Al-Gharraf River, 
approximately 10 km from the third site.

The collection of algae samples

Algae samples were collected from the study 
sites on a monthly basis for a full year, from Janu-
ary 2025 to December of the same year. Water 
samples were brought to the laboratory using 
clean 500 ml plastic bottles. The samples were 
fixed using 4% formalin for microscopic exami-
nation, while the remaining portion was left un-
fixed for culture.

Agricultural medium

The modified culture medium (10-Chu) de-
veloped by (Touloupakis et al., 2023) was used 
to cultivate the algae Spirulina platensis and Ana-
baena sp. The medium was prepared as a stock 
solution and then sterilized using an autoclave 
(type 2, manufactured by Hirayama Manufac-
turing Corporation, Japan) at a temperature of 
121 °C and a pressure of 5.1 psi for 20 minutes.

Isolation and aiagnosis of algae

The algal samples were concentrated after 
collection using a centrifuge at 3000 rpm. The fil-
trate was discarded, and the sediment was exam-
ined using a Novel Xsz107BN light microscope 
at 40x magnification by preparing microscope 
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slides. The algae were then cultured on solid cul-
ture media using the streaking method with a ster-
ile loop inoculator. For liquid media, the dilution 
method was used, as described by (Verma et al., 
2021 to obtain monoalgal culture isolates. These 
were then transferred to a prepared algal culture 
chamber where environmental factors were con-
trolled to achieve optimal growth. These factors 
included a light intensity of 130–150 µS/m²/s and 
a light duration of 16 light cycles. At a temperature 
of 20–25 °C the algae were then identified based 
on the source (Ambati, 2015).

Algae purification

After obtaining the single algal isolates from 
the previous section, they were purified of bacte-
ria and fungi using the method described by Dab-
ban et al. 2024 in order to obtain pure axenic cul-
ture isolates. Subsequently, the pure algal isolates 
were cultured using the 10-Chu medium. Each 
type was transferred from the liquid medium us-
ing a sterile pipette and from the solid medium 
using a sterile inoculant. The isolates were then 
transferred from both media into several sterile 
glass flasks. The flask openings were then sealed 
with sterile cotton, and the flasks were transferred 
to the algal culture chamber.

Propagation of algal isolates

Dry, clean glass flasks with a capacity of 
(1000) cm³ were used. 700 cm³ of sterile culture 
medium was added to each flask, and each flask 
was inoculated with 70 cm³ of the storage culture 
to obtain sufficient quantities of algal cultures. 
Following the method of (Eshtiwi and Ibrahim, 
2025) and under the previously mentioned in-
oculation conditions, sufficient cultures were ob-
tained for subsequent laboratory experiments.

Preparation of heavy metal ion 
concentrations

Standard solutions of 1000 mg/L of the heavy 
metal ions chromium (Cr) and lead (Pb) were pre-
pared by dissolving Cr and Pb respectively, in de-
ionized distilled water. Concentrations of 1.0, 2.0, 
0.25, 0.50, and 0.10 mg/L for each element were 
prepared. After preparing these concentrations of 
the heavy metal ions, 250 ml glass flasks were 
prepared, each containing 150 ml of sterile liquid 
culture medium. Each flask was inoculated with 

15 ml of the pure culture and left to stand for two 
days to allow the two algal species to acclimatize. 
The heavy metal concentrations were then added 
to the cultures and incubated. A shaking incuba-
tor was used at a temperature of 2–20 °C with a 
light-to-dark cycle of 16 hours for two weeks. 
Afterward, the concentrations of heavy metals in 
both the algae and their culture medium were de-
termined at the end of the experiment. Millipore 
filter paper with a pore diameter of 0.45 µm and a 
known weight was used to separate the algae from 
the filtrate (culture medium) into clean plastic 
bottles for measuring the concentrations of heavy 
metal ions. The concentrations of the remaining 
heavy metals in the culture medium (filtrate) were 
then measured using a Phoenix 986 flame atomic 
absorption spectrophotometer. Specific cathode 
lamps were used for each element. For measuring 
the concentrations of heavy metals accumulated 
in the algae, the filter papers containing the algae 
were collected after filtration. It was dried using 
a freeze dryer, and then the leaf was weighed to 
determine the weight of the dried algae, and the 
concentrations of heavy metal elements accumu-
lated in the algae were determined according to 
the method described in (Singh et al., 2016).

Statistical analysis

The results were statistically analyzed using a 
two-factor, three-replication factorial experiment 
design. The first factor represented the two algal 
species, Spirulina platensis and Anabaena sp. 
The second factor represented the concentrations 
at five levels: 1.0, 2.0, 0.25, 0.50, and 0.10 mg/L. 
The treatments were randomly distributed. The 
statistical software SPSS software version 23 was 
used to calculate and record data, and the least 
significant difference (LSD) test was used to ana-
lyze the variance at a probability level of p > 0.05.

RESULTS

Table 1 shows the concentrations of chro-
mium accumulated in the alga Spirulina platensis 
and Anabaena sp. its culture medium, the concen-
trations of the element in the algae were (0.061, 
0.152,0.327, 0.816, and 1.726) for the dry weight 
treatments (g/µg) and (0.10, 0.25, 0.50,1.0 and 
2.0 mg/L, respectively) the chromium concentra-
tions in the culture medium were (0.033, 0.096, 
0.168, 0.181, and 0. 272 mg/L respectively for 
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the same treatments. It was observed that there 
was a gradual increase in the concentration of 
chromium in the algae with a steady increase in 
the concentration of the element in the treatments 
used. Regarding the concentrations of chromium 
removed from the algae, the results of the statis-
tical analysis proved the existence of significant 
differences in concentration at the treatment (2.0  
mg/L) compared to the treatments (0.10, 0.25, and 
0.50 mg/L). While no significant difference was 
observed between the two treatments (1.0 and 2.0 
mg/L), no such differences were noted with re-
gard to the element concentrations in the culture 
medium across all treatments used. Table 2 shows 
the accumulated concentrations of chromium.

In the alga Anabaena sp. and its culture me-
dium, the concentrations of the element in the 
alga were: (1.535, 0.711, 0.302, 0.149, and 0.056 
dry malt weight g/µg) (2.0, 1.0, 0.25, 0.50 and 
0.10 mg/L) respectively, while the concentra-
tions of the element in the culture medium were 
(0.440, 0.270, 0.189, 0.095 and 0.025)mg/L) re-
spectively for the treatments mentioned above. It 
was observed that there was a gradual increase 
in the chromium concentration in the algae with 
increasing chromium concentration in the treat-
ments used. Regarding the concentrations of 
chromium removed from the algae, the results of 

the statistical analysis showed significant differ-
ences between the concentrations in the 0.2 mg/L 
treatment and the treatments of 0.10, 0.25 and 
0.50 mg/L. While no significant difference was 
observed between the two treatments (1.0 and 2.0 
mg/L), no significant differences were observed 
with regard to the concentrations of the element 
in the culture medium with regard to all the treat-
ments used.

Table 3 shows the concentrations of lead ac-
cumulated in the alga Spirulina platensis and its 
culture medium, where the concentrations of the 
element in the alga were (0.05, 0.09, 0.25, 0.50 
and 0.59 µg/g) dry weight respectively, while 
the concentrations of lead in the culture medium 
were 0.03, 0. 10, 0.21, 0.47, and 0.78 mg/L re-
spectively for the aforementioned treatments, It 
was observed that there was a gradual increase 
in the concentration of lead in the algae with in-
creasing concentration of the element in the treat-
ments used. Regarding the concentrations of lead 
removed from the algae, the results of the statisti-
cal analysis proved that there were no significant 
differences between the concentrations and across 
all treatments used, regarding the concentrations 
of the element in the culture medium, significant 
differences were observed between the concentra-
tions in the two treatments (0.10 and 2.0 mg/L), 

Table 1. Chromium element concentrations µg/g dry weight (in Spirulina platensis alga and its culture medium)

Chromium content (mg/L) Concentration of the element 
in the moss µg/g dry weight

Concentration of the element 
in the culture medium mg/L

0.10 0.061 a 0.033 a

0.25 0.125 b 0.096 a

0.50 0.327 b 0.168 a

1.00 0.816 a b 0.181 a

2.00 1.726 a 0.272 a

Average 0.616 0.150

Note: L.S.D for algae (p<0.05) = 0.971, L.S.D for the growing medium (p<0.05) = 0.353. Numbers that have the 
same letters in the alphabet have no significant differences at the probability level (p<0.05).

Table 2. Chromium concentrations (µg/g dry weight) in Anabaena sp. algae and its culture medium

Lead content (mg/L) Concentration of the element in the 
moss µg/g dry weight/g dry weight

Concentration of the element 
in the culture medium mg/L

0.10 0.05 a 0.03 b

0.25 0.09 a 0.10 b

0.50 0.25 a 0.21a b

1.00 0.50 a 0.47 a b

2.00 0.59 a 0.78 a

Average 0.296 0.318

Note: For the medium (L.S.D.) (p<0.05) = 0.471, for the algae (L.S.D.) (p<0.05) = 0.912.



444

Ecological Engineering & Environmental Technology 2026, 27(11), 440–450

while no such differences were observed in the 
treatments (1.0, 0.50, 0.25, and 0.10 mg/L).

Table 4 shows the concentrations of lead ac-
cumulated in the alga Anabaena sp. and its culture 
medium. The concentrations of the element in the 
algae were 0.04, 0.11, 0.31, 0.56, and 1.28 µg/g 
dry weight for the treatments: 2.0, 1.0, 0.50, 0.25, 
and 0.10 mg/L. The lead concentration in the cul-
ture medium was consistently (0.05, 0.09, 014, 
0.36 and 0.59 mg/L) for the aforementioned treat-
ments. A gradual increase in lead concentration in 
the algae was observed with increasing lead con-
centration in each treatment. Regarding the lead 
concentrations removed from the algae, statistical 
analysis revealed significant differences between 
the concentrations in the 2.0 mg/L treatment and 
those in the 0.10, 0.25 and 0.50 mg/L treatments. 
No such differences were observed in the 1.0 and 
2.0 mg/L treatments. As for the lead concentra-
tions in the culture medium, no significant differ-
ences were found in any of the treatments.

DISCUSSION

These metals, namely lead (Pb) and chromium 
(Cr), were chosen for the current study because 

chromium is a micronutrient involved in cell me-
tabolism but can become toxic when added in 
high concentrations to the culture medium, it shuts 
down the Krebs cycle and cellular respiration (Ali 
et al., 2023; Patra et al., 2024), lead, however, is 
a non-essential element for the body of a living 
organism and is considered toxic to all living sys-
tems. It interferes with the metabolic processes of 
chromium and lead, which are essential elements 
in the body of a living organism (Kotyk and Iskra, 
2025; Habib et al., 2026). Blue-green algae are 
among the organisms most frequently exposed 
to heavy metal pollution due to the discharge of 
industrial, domestic, and agricultural waste into 
waterways. The growth of these organisms in pol-
luted environments demonstrates their remarkable 
ability to tolerate high concentrations of toxic ele-
ments (Ateshan and Talib, 2025; Das et al., 2025).

The study results showed the ability of the al-
gae Spirulina platensis and Anabaena sp. to accu-
mulate elements in their bodies at higher concen-
trations than those found in the culture medium 
(Kaamoush et al., 2022; Diaconu et al., 2023). 
It has become increasingly apparent that phyto-
plankton, especially cultivated green algae, have 
a high capacity for accumulating elements in their 
bodies (Ateshan, 2025b; Detoni et al., 2026).

Table 3. Concentrations of lead element (micrograms/g dry weight) in Spirulina platensis algae and its culture 
medium

Chromium content (mg/L) Concentration of the element 
in the moss µg/g dry weight

Concentration of the element 
in the culture medium mg/L

0.10 0.056 b 0.025 a

0.25 0.149 b 0.095 a

0.50 0.302 b 0.189 a

1.00 0.711 a b 0.270 a

2.00 1.535 a 0.440 a

Average 0.550 0.203

Note: For the medium (L.S.D.) (p<0.05) = 0.561, for the algae (L.S.D.) (p<0.05) = 0.576.

Table 4. Concentrations of lead element (micrograms/g and dry weight) in Anabaena sp. algae and its culture 
medium

Lead content (mg/L) Concentration of the element in the 
moss µg/g dry weight/g dry weight

Concentration of the element 
in the culture medium mg/L

0.10 0.03 a 0.06 a

0.25 0.06 a 0.16 a

0.50 0.17 a 0.29a

1.00 0.35 a b 0.58 a

2.00 1.08 a 0.91 a

Average 0.338 0.40

Note: For the medium (L.S.D.) (p<0.05) = 0.690, for the algae (L.S.D.) (p<0.05) = 0.77.
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Blue-green algae are the most sensitive to 
heavy metals, followed by green algae and then 
diatoms (Rathore et al., 2026). Regarding the el-
ement chromium, the study results showed that 
the two algae have a high capacity to accumulate 
chromium within their bodies; however, each al-
gae differs in its ability to concentrate the element 
from the other (Ghaed et al., 2025). Reed and 
Gadd, 2024 stated that algae vary in their abil-
ity to accumulate heavy metals depending on the 
type and concentration of the element they are 
exposed to. Some algae exhibit a high affinity for 
absorbing a particular element ion, while others 
do not (Haider, 2025b; Xi et al., 2026).

However, in general, there was an increase in 
the concentration of the element within each alga, 
corresponding to a decrease in the concentrations 
in the culture medium, the study results showed 
that the alga Spirulina platensis has a high capac-
ity for accumulating chromium, attributed to its 
large surface area resulting from its filamentous 
structure and numerous branches (Al Sailawi et 
al., 2020; Singh and Rao, 2025). Or perhaps it is 
due to the fact that the difference in the degree 
of algal response to the effect of heavy metals 
depends on the amount of positive ions enter-
ing the cell through the cell membranes (Ateshan 
et al., 2020; Jomova et al., 2025). Or it may be 
due to the selective mechanism of its absorption 
of various heavy elements present in the aquatic 
environment, as well as to the element in Ana-
baena sp. algae, in comparison with the physi-
cochemical properties (Ahammed et al. 2023). 
The results are consistent with those of several 
researchers, including Ammar et al. 2022 on 
the algae Rivularia. sp* and Spirulina platensis 
(Sanju and Thakur, 2025) on the algae Lyngbya 
tylorii and Oscillatoria angustissima. Murali et 
al. 2014 on the alga Platnsis sp. As for the ele-
ment lead, the results also showed a variation in 
the effect of the element on the two algae. The 
effect of heavy metal ions varies from one type to 
another depending on the composition of the cell 
wall and the sites of positive and negative ion ex-
change in the cell wall and cell membrane (Patil 
et al., 2025). It was also observed that the algae 
Anabaena sp. was more effective at concentrating 
lead than the other alga. This may be attributed 
to its content of polyphosphate body polysaccha-
rides, which play an important role in detoxifying 
elements, in addition to storing phosphorus (Liu 
et al., 2023), or perhaps it is due to increased bio-
mass tolerance, an increased surface area ratio, 

and a longer incubation period (Shalaby et al., 
2023), This may be due to genetic differences be-
tween the two algae. These findings are consis-
tent with those of several researchers, including 
Kozlova et al., 2017 on the algae Scenedesmus 
quadricauda and Patil et al., 2025 on the algae 
Ulot cylindricum, and Soeprobowati and Hariyati 
(2014) on the algae Spirulina platensis.

CONCLUSIONS

The study results showed the ability of the al-
gae Spirulina platensis and Anabaena sp. to accu-
mulate elements in their bodies at higher concen-
trations than those found in the culture medium. 
Blue-green algae are the most sensitive to heavy 
metals, followed by green algae and then diatoms, 
regarding the element chromium, the study results 
showed that the two algae have a high capacity to 
accumulate chromium within their bodies; how-
ever, each alga differs in its ability to concentrate 
the element from the other. The concentration of 
the element within each alga, corresponding to a 
decrease in the concentrations in the culture me-
dium, the study results showed that the alga Spiru-
lina platensis has a high capacity for accumulating 
chromium, attributed to its large surface area re-
sulting from its filamentous structure and numer-
ous branches, Based on the results of the statistical 
analysis, there were a few significant variations in 
the concentrations of chromium and lead elements 
on the two species of algae between the treatments 
used. The concentration of the heavy metals was 
gradually increasing on the algal with the increase 
of the concentration on the treatment.

Acknowledgement

This research work was supported by the Min-
istry of Higher Education (MOH) under the Fun-
damental Research Grant Scheme (FRGS/1/2016/
STG05/UPSI/02/3).

REFERENCES

1.	 Ahammed, M. S., Baten, M. A., Ali, M. A., 
Mahmud, S., Islam, M. S., Thapa, B. S.,... Tusher, 
T. R. (2023). Comparative evaluation of Chlorella 
vulgaris and Anabaena variabilis for phycoreme-
diation of polluted river water: Spotlighting heavy 
metals detoxification. Biology, 12(5), 675.https://
doi.org/ 10.3390/biology12050675



446

Ecological Engineering & Environmental Technology 2026, 27(11), 440–450

2.	 Al Sailawi, H, A.; Rosmilah, M., Keong, B. P., 
Ateshan, H. M. (2019). The effects of thermal 
and non-thermal treatments on protein profiles of 
Scylla tranquebarica (Purple Mud Crab). Plant Ar-
chives, 19(2), 813–6.

3.	 Al Sailawi, H. A., Misnan, R., Yadzir, Z. H. M., 
Abdullah, N., Bakhtiar, F., Arip, M.,... Ateshan, H. 
M. (2020). Effects of different salting and drying 
methods on allergenicity of purple mud crab (Scylla 
tranquebarica). Indian Journal of Ecology, 47(4), 
1173–1179. 

4.	 Ali, S., Mir, R. A., Tyagi, A., Manzar, N., Kashyap, 
A. S., Mushtaq, M.,..., Bae, H. (2023). Chromium 
toxicity in plants: signaling, mitigation, and fu-
ture perspectives. Plants, 12(7), 1502. https://doi.
org/10.3390/plants12071502

5.	 Al-Janabi, A. O. H. (2026). Biotechnology for the 
environment: Reducing pollution and advancing 
sustainability, managing waste, bioremediation and 
prevention of environmental contamination. Cur-
rent Clinical and Medical Education, 4(5), 82–95. ‏

6.	 Ambati, R. R. (2015). Checklist of microalgae col-
lected from different habitats in Peninsular Malay-
sia for selection of algal biofuel feedstocks. Ma-
laysian Journal of Science, 34(2), 141–167://doi.
org/10.22452/mjs.vol34no2.2

7.	 Ammar, E. E., Aioub, A. A., Elesawy, A. E., Kark-
our, A. M., Mouhamed, M. S., Amer, A. A., & El-
Shershaby, N. A. (2022). Algae as Bio-fertilizers: 
Between current situation and future prospective. 
Saudi Journal of Biological Sciences, 29(5), 3083–
3096. https://doi.org/10.1016/j.sjbs.2022.03.020. ‏

8.	 Anastasiadi, D., Beemelmanns, A. (2023). Develop-
ment of epigenetic biomarkers in aquatic organisms. 
Epigenetics in Aquaculture, 413–438. https://doi.
org/10.1002/9781119821946.ch18

9.	 Ateshan, H. M., and Talib, A. H. (2025). Biodeg-
radation aromatic hydrocarbons of naphthalene by 
Aspergillus flavus and Penicillium fumigates. Euro-
pean Journal of Science, Innovation and Technol-
ogy, 5(4), 100–112. https://www.ejsit-journal.com/
index.php/ejsit/article/view/701

10.	Ateshan, H. M., Misnan, R., Sinang, S. C. and 
Koki, I. B. (2020). Evaluation of water pollution 
and source identification in Merbok River Kedah, 
Northwest Malaysia. Malaysian Journal of Funda-
mental and Applied Sciences, 16, 458–463. https://
doi.org/10.11113/mjfas.v16n4.1735

11.	Ateshan, H. M.; Misnan, R., Sinang, S. C., and Al-
sailawi, H. A. (2019). Bioaccumulation of heavy 
metals in orange mud crab (Scylla olivacea) from 
Sungai Merbok, Kedah. International, 10, 654–658.‏ 
https://doi.org/10.26452/ijrps.v10i1.1897

12.	Ateshan, H., Misnan, R. (2025a). Estimating the 
concentrations of toxic elements and contaminated 
bacteria of groundwater in the city of Al-Muthanna/

Iraq. Egyptian Journal of Aquatic Biology and Fish-
eries, 29(2), 1745–1757. https://doi.org/10.21608/
ejabf.2025.421095

13.	Ateshan, H., Misnan, R. (2025b). Estimation of 
heavy metal concentrations in Euphrates River wa-
ter and sediments in Thi Qar City. Egyptian Journal 
of Aquatic Biology and Fisheries, 29(2), 1759–1770. 
https://doi.org/10.21608/ejabf.2025.421097

14.	Ateshan, H. M., Saxena P. R. (2015). Assessment 
of physico-chemical parameters of Kattamaisamma 
Lake of Sooraram Village, Hyderabad, Telangana 
State, India. International Advances in Science and 
Technology Research Journal, 4(4), 437–440.

15.	Ateshan, H.M. (2025a). Study of the water pol-
lution in the Euphrates river near the wastewa-
ter treatment station in the city of Nasiriyah, 
Iraq. Egyptian Journal of Aquatic Biology and Fish-
eries, 29(5), 3437–3450. https://doi.org/10.21608/
ejabf.2025.387414.5905

16.	Ateshan, H.M. (2025b). Studies on some heavy 
metals removal in industrial and drinking water: 
A review.  University of Thi-Qar Journal of Sci-
ence,  12(2), 34–40.  https://doi.org/10.32792/utq/
utjsci/v12i2.1404

17.	Azemi, N. F. H., Misnan, R., Keong, B. P., Mokhtar, 
M., Kamaruddin, N., Fah, W. C.,... Ateshan, H. M. 
(2021). Molecular and allergenic characterization 
of recombinant tropomyosin from mud crab Scylla 
olivacea. Molecular Biology Reports, 48(10), 6709–
6718. https://doi.org/10.1007/s11033-021-06661-x.

18.	Bala, S., Garg, D., Thirumalesh, B. V., Sharma, 
M., Sridhar, K., Inbaraj, B. S., Tripathi, M. (2022). 
Recent strategies for bioremediation of emerging 
pollutants: a review for a green and sustainable envi-
ronment. Toxics, 10(8), 484. https://doi.org/10.3390/
toxics10080484

19.	Dabban, I. A., Ahmad, M., Enejiyon, S. O., Hau-
wau, A. N., Gani, M., Oyewole, O. A., Adetunji, C. 
O. (2024). Isolation techniques used for molecular 
characterization of beneficial microorganisms: Cul-
tural, biochemical and molecular characterization. 
Handbook of Agricultural Biotechnology, 491–545. 
https://doi.org/ 10.1002/9781394234769.ch74

20.	Dai, Y., Van Spronsen, J., Witkamp, G. J., Verpoorte, 
R., Choi, Y. H. (2013). Natural deep eutectic sol-
vents as new potential media for green technology. 
Analytica Chimica Acta, 766, 61–68. https://doi.
org/10.1016/j.aca.2012.12.019

21.	Detoni, A. M. S., Oliveira, N. R., Zoffoli, M. L., 
Gege, P., Caballero, I., Navarro, G.,..., Padín, X. A. 
(2026). Unveiling optical and phytoplankton vari-
ability in the northwestern Iberian Peninsula using 
in-situ radiometry and the Water Colour Simula-
tor–WASI. Estuarine, Coastal and Shelf Science: 
https://doi.org/10.1016/j.ecss.2026.109976

22.	Dhokpande, S. R., Deshmukh, S. M., Khandekar, 



447

Ecological Engineering & Environmental Technology 2026, 27(11), 440–450

A., Sankhe, A. (2024). A review outlook on meth-
ods for removal of heavy metal ions from wastewa-
ter. Separation and Purification Technology, 350. 
https://doi.org/10.1016/j.seppur.2024.127868

23.	Diaconu, M., Soreanu, G., Balan, C. D., Buciscanu, 
I. I., Maier, V., Cretescu, I. (2023). Study of Spi-
rulina platensis (Arthrospira) development under 
the heavy metals influence, as a potential promoter 
of wastewater remediation. Water, 15(22), 3962. 
https://doi.org10.3390/w15223962

24.	Dyksma, S., Pester, M. (2023). Oxygen respiration 
and polysaccharide degradation by a sulfate-reduc-
ing acid bacterium. Nature Communications, 14, 
6337. https://doi.org/10.1038/s41467-023-42074-z

25.	Ghaed, V., Salimi, A., Attar, R., Mirvakili, A., Sa-
limian, J. (2025). From waste to resource: evaluat-
ing microalgae for enhanced metal adsorption in 
oil and gas refinery effluents. Journal of Environ-
mental Chemical Engineering, 13(2). https://doi.
org/10.1016/j.jece.2025.115844

26.	Habib, T., Gull, I., Bhat, J. A., Ganie, M. A. (2026). 
Trace elements in nutrition: Essential versus tox-
ic.  Trace Elements and Heavy Metals: Bridging 
Sustainability and Global Health Goals: Volume 
One, 83.

27.	Haider, M, A. (2025a) Bioaccumulation of some 
heavy metals in three fish species in the Eu-
phrates River waters in Nasiriyah, Iraq. South 
Asian J Agric Sci; 5(2), 274–280. https://doi.
org/10.22271/27889289.2025.v5.i2d.217

28.	Haider, M, A. (2025b) Assessing the allergic preva-
lence to green tiger shrimp (Penaeus semisulcatus) 
in Local Atopic Populations, 4(1), 4844–4861.

29.	Hanusch, M., Dussarrat, T., Xiao, X., Ziaja, D., 
Sen Aragam, K., Blande, J. D.,..., Heinen, R. 
(2026). Ecological role of emergent properties in 
the chemodiversity landscape. Nature Ecology & 
Evolution, 1045–1056. https://doi.org/10.1038/
s41559-026-03057-7

30.	Jasim, H. A., Misnan, R., Yadzir, Z. H. M., Abdul-
lah, N., Bakhtiar, F., Arip, M.,..., Keong, P. B. 
(2021). Identification of common and novel major 
crab allergens in Scylla tranquebarica and the al-
lergen stability in untreated and vinegar-treated crab 
identification of major crab allergens in Scylla tran-
quebarica. Iranian Journal of Allergy, Asthma and 
Immunology,  /https://doi.org/10.18502 ‏.76 ,(1)20
ijaai.v20i1.5414

31.	Jha, S. K., Patra, A. C., Verma, G. P., Iyer, I. S., 
Aswal, D. K. (2024). Natural radiation and envi-
ronment. In Handbook on radiation Environment, 
volume 1: Sources, applications and policies (pp. 
27–72). Singapore: Springer Nature Singapore.

32.	Jomova, K., Alomar, S. Y., Nepovimova, E., 
Kuca, K., Valko, M. (2025). Heavy metals: 
toxicity and human health effects. Archives of 

Toxicology, 99(1), 153–209. https://doi.org/ 
10.1007/s00204-024-03903-2

33.	 Kaamoush, M., El-Agawany, N., Salhin, H. E., 
El-Zeiny, A. (2022). Monitoring effect of nickel, 
copper, and zinc on growth and photosynthetic pig-
ments of Spirulina platensis with suitability inves-
tigation in Idku Lake. Environmental Science and 
Pollution Research, 29(52), 78942–78959. https://
doi.org/10.1007/s11356-022-21328-1

34.	Kazmi, S. S. U. H., Xu, Q., Saqib, H. S. A., Azeem, 
M., Pastorino, P., Barcelò, D.,..., Li, G. (2026). Pol-
lutant-driven humification of dissolved organic mat-
ter fails to mitigate the chronic toxicity of tire-wear 
contaminants in freshwater bioindicator. Chemical 
Engineering Journal, 529, https://doi.org/10.1016/j.
cej.2026.173274

35.	Kotyk, B., Iskra, R. (2025). Influence of chromium 
(VI) on the environment and metabolic processes in 
the body. Current Chemical Biology, 19(1), 2–16. 
https://doi.org/10.2174/0122127968319843241207
142638

36.	Kozlova, T. A., Hardy, B. P., Krishna, P., Levin, 
D. B. (2017). Effect of phytohormones on growth 
and accumulation of pigments and fatty acids in 
the microalgae Scenedesmus quadricauda. Algal 
Research, 27, 325–334. https://doi.org/10.1016/j.
algal.2017.09.020

37.	Liu, S Liu, S., Zeng, J., Yu, H., Wang, C., Yang, 
Y., Wang, J.,..., Yan, Q. (2023). Antimony efflux 
underpins phosphorus cycling and resistance of 
phosphate-solubilizing bacteria in mining soils. 
The ISME Journal, 17(8), 1278–1289. https://doi.
org/10.1038/s41396-023-01445-6

38.	Martínez-Burgos, W. J., Pozzan, R., de Carvalho, 
J. C., Cavali, M., Mariano, A. B., Vargas, J. V.,..., 
Soccol, C. R. (2024). The role of microalgae as bio-
indicators of aquatic contamination. In Algae as a 
natural solution for challenges in water-food-energy 
nexus: toward carbon neutrality (pp. 323–347). Sin-
gapore: Springer Nature Singapore. ‏

39.	Misnan, R., Nur Farah Hani, A., Keong, B., Msa-
hir, A. (2026). Comparative morphometrics of three 
mud crab Scylla Species from Malaysia coastal wa-
ters. Egyptian Journal of Aquatic Biology and Fish-
eries, 30(1), 1157–1172. https://doi.org/10.21608/
ejabf.2025.379761.5763

40.	Murali, R., Soslow, R. A., Weigelt, B. (2014). Clas-
sification of endometrial carcinoma: more than two 
types. The Lancet Oncology, 15(7), e268–e278. 
https://doi.org/10.1016/S1470-2045(13)70591-6

41.	Pagar, Pagar, R. R., Musale, S. R., Pawar, G., 
Kulkarni, D., Giram, P. S. (2022). Comprehensive 
review on the degradation chemistry and toxicity 
studies of functional materials. ACS Biomaterials 
Science & Engineering, 8(6), 2161–2195. https://
doi.org/10.1021/acsbiomaterials.1c01304



448

Ecological Engineering & Environmental Technology 2026, 27(11), 440–450

42.	Patil, A., Chakraborty, S., Yadav, Y., Sharma, 
B., Singh, S., Arya, M. (2025). Bioremediation 
strategies and mechanisms of bacteria for resis-
tance against heavy metals: A review. Bioreme-
diation Journal, 29(4), 448–480. https://doi.org/ 
10.1080/10889868.2024.2375204

43.	Patra, H. K., Patra, D. K., Acharya, S. (2024). Chro-
mium-induced phytotoxicity and its impact on plant 
metabolism. Acta Physiologiae Plantarum, 46(2), 
20. https://doi.org/10.1007/s11738-023-03646-0

44.	Rathore, S. S., Bai, S., Markam, A., Nishad, G. R., 
Sahu, B. L., Gupta, S., Mondal, B. (2026). Green 
algae as bioindicators of heavy metal contamina-
tion in the Korba Industrial Region, Chhattisgarh, 
India. ChemistrySelect, 11(18), e07549. https://doi.
org/10.1002/slct.202507549

45.		Reed, R. H., Gadd, G. M. (2024). Metal tolerance 
in eukaryotic and prokaryotic algae. In Heavy metal 
tolerance in plants (pp. 105–118). CRC press. ‏

46.	Sanju, S., Thakur, A. (2025). Algal Biodiversity in 
North Western Region of Indian Himalayas. Biodi-
versity of the Himalaya: Volume 1: Utilization, Con-
servation, and Management of Plant Resources. ‏

47.	Shalaby, M. A., Matter, I. A., Gharieb, M. M., Dar-
wesh, O. M. (2023). Biosorption performance of the 
multi-metal tolerant fungus Aspergillus sp. for re-
moval of some metallic nanoparticles from aqueous 
solutions. Heliyon, 9(5), https://doi.org/10.1016/j.
heliyon.2023.e16125

48.	Singh, S., Rao, I. (2025). Invertebrates and mi-
croorganisms: Potential tools for plastic bio man-
agement. International Journal of Environmental 
Research, 19(6), 280. https://doi.org/10.1007/
s41742-025-00950-0

49.	Singh, N. K., Raghubanshi, A. S., Upadhyay, A. K., 
Rai, U. N. (2016). Arsenic and other heavy metal 
accumulation in plants and algae growing naturally 
in contaminated area of West Bengal, India. Eco-
toxicology and environmental safety, 130, 224–233. ‏

50.	Soeprobowati, T. R., Hariyati, R. (2014). Phycore-
mediation of Pb, Cd, Cu, and Cr by Chaetoceros 
calcitrans (Paulsen) Takano. Int. J. Adv. Chem. Eng. 
Biol. Sci, 1, 37–40. ‏

51.	Sridevi, V., Al-Asadi, M., Al-Anssari, S., Hamzah, 
H. T., Kadhum, A. H., Nikhil, S.,... Abdullah, O. 
I. (2026). Laser-assisted neem oil pre-treatment: 
A novel pathway for high-efficiency biodiesel 
production. Environmental Science and Pollution 
Research, 33(3), 917–932. https://doi.org/10.1007/
s11356-025-37344-w

52.	Tavakoly Sany, S. B., Hashim, R., Rezayi, M., 
Salleh, A., Safari, O. (2014). A review of strategies 
to monitor water and sediment quality for a sustain-
ability assessment of marine environment. Environ-
mental Science and Pollution Research, 21, 813–
833. https://doi.org/10.1007/s11356-013-2217-5

53.	Verma, S., Bagul, S. Y., Choudhary, P., et al. 
(2021). Microscope Assisted Uni-algal isola-
tion through Dilution (MAU-D): a simple modi-
fied technique for tapping diverse cyanobacte-
ria. 3 Biotech, 11, 343 https://doi.org/10.1007/
s13205-021-02890-w.

54.	Xi, Y., Wang, X., Fang, K., Chen, R., Li, W., You, T.,..., 
Jia, Y. (2026). Marine microalgae selenium uptake 
and transformation: Multi-omics insights for sus-
tainable applications. Algal Research, 96, 104681. 
https://doi.org/10.1016/j.algal.2026.104681

55.	Yang, S., Cao, L., Wei, C., Luo, X., Li, H., Zhang, 
T.,..., Luo, G. (2026). Filamentous algae for waste-
water circularity: a review of wastewater treat-
ment, resource recovery, and bio refinery oppor-
tunities. Microorganisms, 14(8), 1702. https://doi.
org/10.3390/microorganisms14081702

56.	Yang, X., Wang, H., Huang, C., He, X., Xu, W., Luo, 
Y., Huang, K. (2017). Zinc enhances the cellular en-
ergy supply to improve cell motility and restore im-
paired energetic metabolism in a toxic environment 
induced by OTA. Scientific Reports, 7(1), 14669.



449

Ecological Engineering & Environmental Technology 2026, 27(11), 440–450



450

Ecological Engineering & Environmental Technology 2026, 27(11), 440–450


