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Abstract
Environmental pollutants have been increasingly detected and quantified in each sphere-air, water and soil, and hence there 
are growing concerns about their potentially harmful effects on the biosphere. Heavy metals and dyes are of prime concern 
owing to their large-scale anthropogenic consumption, and emission, either untreated or improperly, into the open environ-
ment. Recently, nanomaterials have been explored for their potential against environmental pollution and have been proved 
to be effective against a wide range of dyes and heavy metals. But their traditional method of synthesis isn’t economic, 
energy-efficient, and ecofriendly. In this direction, Phyconanoremediation is a recent approach that is green and sustain-
able. It provides remediation of pollutants using novel nanomaterials synthesised using algal biomass. This review aims to 
present an account of the application of algae in nanomaterials synthesis followed by their application in the remediation of 
heavy metals and dyes. It commences with an introduction to environmental pollution, associated public health risks, and 
remediation strategies. Synthesis mechanism of nanoparticles and their characterisation methods followed by role of algal 
bioactive compounds in nanomaterials synthesis as reducing, capping or stabilising agent has been discussed. The article 
concludes by highlighting outlook and importance of this interesting field for environmental remediation.

Keywords  Environmental pollutants · Heavy metals · Dyes · Phyconanoremediation · Phyconanotechnology · Algal 
bioactive compounds

Introduction

In recent years industrialization and urbanization have 
improved our way of living but on the other hand, it has 
polluted the environment to a great extent. The activi-
ties such as mining, textile dyeing, use of harmful metals 
for various purposes such as in paints and electronics has 
resulted in an environment contaminated with heavy metals 
and toxic dyes. These toxic and recalcitrant compounds lead 
to dangerous impacts on both the environment and human 
beings. The use of these heavy metals and dyes in one or 
another way leads to their accumulation beyond the per-
missible limits and causes pollution of water, air, and soil. 

The heavy metals even at low concentrations are harmful 
to the environment as well as to humans because they are 
highly toxic in nature; they are proven to be carcinogenic and 
mutagenic in nature(Kumar and Bharadvaja 2020). The dyes 
are xenobiotic in nature and thus cannot be degraded easily. 
They have also been proved to be carcinogenic in nature 
(El-Sheekh et al. 2009). There have been ways developed 
to reduce or eliminate the accumulated pollutants including 
heavy metals and dyes from the environment. The strategies 
developed falls under mainly three broad categories namely 
physical, chemical, and biological ways of remediation. 
Amongst the three strategies, the biological remediation is 
most promising strategies as both the physical and chemi-
cal strategies often require high input of energy. The latter 
two methods are highly expensive to operate and are less 
efficient in removing the pollutants from the targeted site 
such as polluted water(Pereira and Alves 2012; Sharma et al. 
2016). The biological remediation techniques employ the 
ability of microorganisms and plants to bioaccumulate or 
biosorp the heavy metals and dyes and thus removing them 
from the contaminated water (Parameswari et al. 2010). The 
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biological remediation strategies are therefore adopted as 
they are cheap and do not require high energy inputs and 
produce no or less secondary pollutant materials.

Algae are one of the promising biological agents for 
environmental remediation as they can accumulate the 
heavy metals and degrade dyes to an extent from the waste-
water. They possess large surface area for absorption/
adsorption and possesses enzymes that can remediate the 
dyes(Parameswari et al. 2010; Pereira and Alves 2012). 
The process involving algae to clean up the environment 
is termed as phycoremediation. The absorbing activities 
of algae are attributed to the metabolic diversities of algae 
which enable them to use these inorganic compounds in 
absence of organic carbon compounds. The most commonly 
used algae are blue-green algae as it has the capability of 
absorbing/adsorbing metal ions from the water bodies even 
if the algae cells are not alive. The remediation using blue-
green algae are preferred because it does not produce any 
chemical sludge. Microalgae such as Spirulina acts as a 
potential biosorbent due to its large surface area, its abil-
ity to grow both in fresh and marine water and a relatively 
high binding affinity for metals ions and dyes (Pathak et al. 
2014). The phycoremediation faces some challenges such 
as the entire concentration of heavy metals and dyes are not 
removed, but only the bioavailable amounts are removed 
from the contaminated water (Kumar and Gopinath 2016).

To overcome the challenges faced in phycoremediation, 
we discuss the concept of “phyco-nano-remediation” strat-
egy in this review. Phyco-nano-remediation refers to the 
process of bioremediation which is carried out using nano-
particles derived from the algal biomass. Recent research 
conducted on applicability of nanomaterials to fight environ-
mental pollutants has revealed the potential of nanomateri-
als to transform the harmful pollutants into comparatively 
safer compounds (Kumar and Gopinath 2016). Due to their 
distinctive properties at nanoscale, nanomaterials show 
remarkable degradable activity towards many environmen-
tal pollutants(Rauta et al. 2019). Many nanoparticles like 
gold, silver, copper etc., have been investigated for reme-
diation of various environmental pollutants. Iron and zinc 
nanoparticles are commonly used for this purpose. The iron 
nanoparticles are used for cleaning the groundwater. The 
zinc nanoparticles are known for degrading dyes and other 
organic acids from the wastes. The use of nanomaterials-
based remediation techniques enhances the rate of removal 
along with reduction in the time taken for the cleaning pur-
poses. The only concern of application of nanomaterials in 
environmental remediation is the way nanomaterials are pro-
duced. Conventional nanomaterials synthesis routes are not 
considered as eco-friendly and economically benign.

The physicochemical techniques of production of nan-
oparticles produce waste materials which again pollute 
the environment and need special disposal methods. The 

requirement of high energy input and the generation of toxic 
by-products limit the use of nanomaterials synthesized by 
traditional method. Using biological systems for nanoma-
terials synthesis do not leave behind any toxic compounds 
which are generally produced as by-products when physi-
cal or chemical methods are employed for the synthesis of 
materials. Phyco-nanoremediation, a green way of synthesis-
ing nanomaterials, can be used to overcome this issue. By 
adopting algae for the synthesis of nanoparticles the toxic 
by-products and high energy consumption is eliminated to a 
certain extent. Various nanoparticles such as ZnO-nanoparti-
cles, Ag-nanoparticles, Au-nanoparticles, CdS-nanoparticles 
have been synthesized using algae (Gour and Jain 2019). 
There have been a lot of studies indicating the green synthe-
sis nanoparticles from algae such as Sargassum sp., Fucus 
vesiculosis and other algae are known for their ability to 
produce gold nanoparticles(Khanna et al. 2019). Codium 
capitatum, Cystophoramoniliformis have been studied for 
their ability to synthesize silver nanoparticle (Dhavale et al. 
2020). There have also been a lot of research on the biore-
mediation properties of various nanoparticles such as the 
adsorption of Hg (II) on citrate coated gold nanoparticles, 
TiO2 nanoparticles are known for the adsorption of Cd (II) 
(Yang et al. 2019). Various nanoparticles are known for the 
degradation of dyes such as Zinc nanoparticles are known to 
degrade Malachite green (Rauta et al. 2019). In this review, 
current status, issues and developments in the field of phy-
conanoremediation for heavy metals and dyes have been 
presented.

Environmental pollution and concerns

The word pollution refers to the introduction of hazard-
ous/ unwanted substances beyond the permissible limits by 
humans into the environment at a specific location. These 
substances are not only hazardous to environment but in 
turn cause harms to humans as well (Imani et al. 2011). 
The environment pollution is also referred as ‘environmen-
tal crisis’, which addresses both the environmental as well 
as ecological changes, caused by both human and natural 
interference. Humans played a part in environmental pol-
lution and degradation by deletion and over-exploitation 
of resources. Urbanization and industrialization have sub-
stantiated the rate of release of untreated effluent in the 
environment, transfer of natural resources from one place 
to other near or distant places, use of biocides including 
pesticides and herbicides for crop productivity and soil 
improvement and so on. Nature can also cause pollution 
by phenomenon like forest fires, and volcanic eruptions. 
Environmental degradation does not affect the environ-
ment only but it has started to effect mankind also (Appan-
nagari 2017). Environmental degradation has reached 
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such a proportion that, if strict measures are not taken 
for its restoration, it will not be able to support any living 
organism after few decades. The most serious problems 
leading to such a critical situation can be attributed to 
greenhouse gases, water pollution, acid and heavy metal 
deposition along with waste mis-management (Kelishadi 
2012). There is a complex effect of human activities on 
the environment which creates a number of changes in 
both biotic and abiotic components of the environment. 
These effects/impacts on the environment can be direct 
or indirect. The direct impacts are the immediate impact 
whereas the indirect impact is seen after long period and 
having long lasting effects. The main reason for the dete-
riorating environmental condition is the industrial devel-
opment. Industries most often dump enormous amount of 
pollutants which contains heavy metals like chromium, 
lead, arsenic etc., and many dyes directly into the water 
bodies which leads to contamination of water (Appan-
nagari 2017). The presence of these compounds in the 
water bodies affect the marine life and thus affects the 
whole ecosystem (Sall et al. 2020). Environmental pol-
lution causes various adverse effects on the health start-
ing from the very early stage of life. The environmental 
pollution may lead to infant mortality, allergies, perinatal 
disorders, respiratory disorders, malignancies, endothelial 
dysfunction, mental disorders, and various such diseases 
which are often life threatening. Studies have also reported 
that there is an increased risk of morbidity and mortal-
ity with an increase in the exposure to particulate matter 
from the environment in comparison to any other diseases 

(Kelishadi 2012). Sources of environmental pollutants and 
their effects on environment and human health have been 
illustrated in Fig. 1.

Environmental impact of heavy metals

By the set notion, heavy metals are defined as the metals 
having density greater than or equal to 5 (and atomic number 
greater than 11) who have proven risks to the environment 
and the mankind. The pollution caused due to the presence 
of heavy metals are of the major concern because they are 
non-biodegradable and are extremely toxic for both, first, for 
their immediate environment of discharge and second, to the 
entire biosphere. Even exposure to very low concentrations 
of heavy metals can lead to serious diseases such as kidney 
failure, respiratory problems and even cancer. Chromium 
being a carcinogen leads to the formation of skin lesions and 
can also cause respiratory problems. Beyond the threshold 
quantity, metal trace elements (MTEs) are demonstrated to 
cause negative physiological effects on the mammals, rep-
tiles, avian population, amphibians, and fishes. MTEs are 
also reported to cause disturbances in the seed germination, 
metabolic activities of plants, and their growth. The plants 
bioconcentrate these metals, thus the heavy metals are found 
in higher concentrations as compared to the concentration of 
these metals in the surroundings. Studies indicate that MTEs 
are able to induce oxidative stress in algae. These heavy met-
als and MTEs not only harms the environment but also poses 
serious health concern for humans as they affect the nervous 
system, kidneys, respiratory functions, and liver. MTEs have 

Fig. 1   Environmental pollution: sources and their impact on environmental health
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carcinogenic properties, delays the overall growth and devel-
opment, and may also lead to psychological disorders. The 
intoxication caused by certain heavy metals like mercury is 
even capable of inducing auto-immune like circumstances 
(Sall et al. 2020).

Environmental impact of dyes

A substance that binds to a substrate and provides it a col-
our due to the absorption of light at a certain wavelength 
in the visible range is known as dye. Conjugately bonded 
electron delocalization system called chromophore serves as 
the centre for light absorption in the dyes. Dyes contain elec-
tron donors which enhances the intensity of the colour and 
the affinity for the substrate binding known as auxochromes 
(Pereira and Alves 2012). Based on the source, dyes can 
be synthetic which are produced by chemical synthesis or 
natural which are extracted from the natural sources like 
plant, lichens, minerals, clay, metal salt, insects, semi-pre-
cious stones, or shellfish. Chemically synthesised dyes are 
classified as derivatives of azo, xanthene, anthraquinone, 
aryl-methane, indigoid, or phthalocyanine. Most widely pro-
duced and versatile among them is the azo dye. According 
to their chemical properties and solubility dyes are classified 
as anionic and water-soluble acidic dye, reactive dye and 
direct dye, cationic and water-soluble basic dye, or non-ionic 
solvent dye, disperse dye and pigment dye, vat dyes and 
mordant dyes. Apart from textile industry, dyes are used in 
paper production, cosmetics, food, pharmaceuticals, leather 
tanning, photography, and photoelectrical cell (Kuhad et al. 
2004; Pereira and Alves 2012). As a discharge from the tex-
tile and other industries, dyes can change the solubility of 
oxygen and aesthetic merit of the water. Dyes also hinder 
with the amount and wavelength of the sunlight entering 
to the water bodies, and thus challenge the survival of the 
aquatic life. The extreme conditions of pH and temperature 
cause physical and chemical changes to the water due the 
presence of phenols, solid and oils which increases the BOD 
and COD of the water. This again disturbs the aquatic life. 
Degradation of the dyes without removal may also increase 
the toxicity of the dye at the polluted site. For example, 
upon degradation azo dyes produces aromatic amines which 
shows carcinogenic properties. These aromatic amines can 
then cause bladder cancer, hepatocarcinoma, chromosomal 
abbreviations and nuclear abnormality in humans (Pereira 
and Alves 2012) .

Phycoremediation approach

Algae has the ability to accumulate the pollutants from 
the water as they have large surface area of absorption/
adsorption (Parameswari et al. 2010). Application of algae 

for remediation is termed as Phycoremediation. It is eco-
friendly and is more promising than any other remediation 
technique as it is inexpensive and is in accordance with sus-
tainable development. Algae can bind up to 10% of its bio-
mass to metals. The metal removal is based on the principle 
of adsorption of metal on the surface of the algal cell surface 
and is independent of the metabolism while the absorption 
of metals by algal cells depends on metabolic activities. The 
efficiency of biosorption depends upon the bioavailability 
of the metals, surface area/volume ratio, presence of metal 
binding groups on algal cells, metal uptake and storage effi-
ciency of the storage of metal (Ahmad et al. 2020).

There have been studies reporting the capability of vari-
ous algae for the adsorption/absorption of heavy metals from 
the wastewater. Anabaena variabilis has been studied for its 
capability of removing Pb, Cr, Ni and Cd from the sewage 
water with an efficiency of removing 100% bioavailable con-
centration of these metals within 28 days and not only they 
eliminate these metals but also reduces the offensive odour 
from the treated water (Parameswari et al. 2010). In another 
set of studies, it was reported that Oscillatoria anguistissima 
has the capability of effective adsorption of Cu2+ from the 
mine water (Ahuja et al. 1997). Porphyra leucosticte has 
been reported to remove 95% of Pb(II) from waste water (Ye 
et al. 2015). Chlorella marina has been reported to remove 
89% Cr and 87% Pb from the targeted source (Dinesh Kumar 
et al. 2015). There have also been attempts to immobilize 
algal cells of Anabaena doliolum and Chlorella vulgaris on 
chitosan, alginate, agar and carrageenan to improve the effi-
ciency of remediation of heavy metals such as Ni and Cr 
(Mallick and Rai 1994). Dunaliella alga has been demon-
strated for the removal of heavy metals such as Cd, Hg, Pb 
present at higher concentrations (Imani et al. 2011).

Algae are also the promising agents for remediation of 
dyes. The surface of the algal cell wall surface contains 
many functional groups which help in chelation or electro-
static binding of the dyes. This kind of removal is known 
as biosorption. The algae Caulerpa scalpelliformis removes 
basic yellow by biosorption (Aravindhan et al. 2007). Algae 
secrete extracellular biopolymers which coagulates the dye 
on their surface. The removal of pollutant by this method 
is termed as bio-coagulation. Algae Spirogyra Rhizopus 
exhibited potential for removal acid red 274 from the envi-
ronment via bio-coagulation as reported in the study (Özer 
et al. 2006). In another approach, termed as biodegradation, 
algal enzymatic system works on the pollutants and degrades 
them. For example, degradation of methyl red dye by the 
enzyme azo-dye reductase produced by Nostoc linckia(El-
Sheekh et al. 2009).

The phycoremediation being eco-friendly and efficient 
also faces some challenges. Such as not the entire concen-
tration of heavy metals is removed, but only the bioavail-
able amounts are only removed from the contaminated 
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water. Also, surrounding conditions or algal growth condi-
tions substantially control the phycoremediation efficiency. 
Moreover, the remediation of pollutant materials varies with 
strain used. So, it is imperative to prospect highly efficient 
algal species for remediation of each of pollutant material. 
To overcome this problem, the focus of research commu-
nity has been now shifted to nano-bioremediation approach. 
It addresses well the problems of pollution created during 
nanomaterials synthesis and growth dependent algal cells-
based remediation of pollutants under diverse climatic 
conditions.

Phyco‑nanotechnological approach 
for remediation of environmental pollutants

Synthesis of nanomaterials and their 
characterization

Nanomaterials fall in the range of 1-100 nm and can be 
synthesized using two approaches- either bottom-up or 
top-down (Fig. 2). In top-down method, nanoparticles are 
created by deconstructing a bulk material into nano sized 
particles by performing microfabrication cutting, grind-
ing, crushing, and milling etc., on bulk materials. Top-
down methods often do not provide very small and uniform 
nanomaterial even after using high energy. It also alters the 

surface chemistry and physical properties of the nanoma-
terials. Crystallographic structure is also lost to an extend 
due to the processing in top-down method (Khanna et al. 
2019). In bottom-up method, nanomaterials are created by 
self- assembling atom by atom or molecule by molecule. 
Bottom-up method controls the chemical synthesis process 
thus can produce very small and uniform nanomaterials. 
There are various ways of bottom-up methods like com-
bustion synthesis, hydrothermal method, sol-gel process-
ing, gas-phase method, and microwave synthesis. A colour 
change in the solution is an indicator for the synthesis of the 
nanomaterials(Khanna et al. 2019).

Synthesis of nanomaterials via both top-down and bot-
tom-up follows a specific kinetic procedure which helps to 
determine the shape and size of nanomaterials. So, charac-
terization techniques talk about the size, surface morphol-
ogy, shape, and surface area. Spectroscopic and microscopic 
techniques are used to characterize nanomaterials. Most of 
nanomaterials form a colloidal solution and thus exhibit 
tyndall effect. Commonly used microscopic techniques 
are scanning electron microscopy (SEM), transmission 
electron microscopy (TEM), and atomic force microscopy 
(AFM) which are the direct method of characterization. 
UV-vis spectroscopy; 190-380 nm for UV and 380-800 nm 
for visible range, Raman spectroscopy, Fourier transform 
infrared spectroscopy (FT-IR), dynamic light scattering 
(DLS), X-Ray diffraction (XRD) are the spectroscopy-based 

Fig. 2   Methods for synthesis of nanomaterials
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characterization methods. To characterize the thermal stabil-
ity of nanomaterials, thermal gravimetric analysis (TGA) is 
performed (Khanna et al. 2019).

Algal biomass for synthesis of nanomaterials: 
an alternative to physicochemical methods 
of synthesis of nanomaterials

Even being more efficient, bottom-up methods require a lot 
of energy and cost. They can also lead to secondary pol-
lution due to the by-products formed during the nanoma-
terial synthesis (Khanna et al. 2019). Algae can accumu-
late large amount of metal ions which are stabilized by the 
bioactive compounds present in the algae. Algal biomass 
extracts along with protein, carbohydrates and fatty acids 
contain a variety of numerous other bioactive compounds 
such as the pigments, chlorophylls, carotenoids, phycobi-
lins, and antioxidants like terpenoids or polyphenol. These 
bioactive compounds also oxidized the metal ions to convert 
them into a malleable form. The synthesis of nanomateri-
als from algae requires algal extract and a molar solution 
of metal precursor. These two components are then mixed 
into a fixed proportion to initiate the synthesis of nanoma-
terials which can be identified by a change in colour of the 

mixture (Fig. 3). The bioactive compounds present in the 
extract facilitate nucleation of the metal and the nucleonic 
particle self-assemble to form a thermodynamically stable 
nanomaterial (Sharma et al. 2016; Khanna et al. 2019). Algal 
biomass is a promising source of synthesis of nanomaterials 
as (a) they are abundantly available, (b) have a low cost of 
large-scale production with easy to harvest, (c) they have a 
short doubling time, (d) they have a simple yet well-devel-
oped systems, (e) they have a negative charge on the surface 
which enhances the process of nucleation and crystallization 
(Khanna et al. 2019). Table 1 gives the list of nanomaterials 
synthesized by using algal biomass and their diverse applica-
bility in the field of medicine, and remediation etc. There are 
several factors which effect algal nanomaterials synthesis. 
For example, concentration of the extract, pH, temperature, 
and contact time have a significant role in nanomaterials 
synthesis using algal biomass (Lengke et al. 2007).

Intracellular mode of synthesis of nanomaterials

Synthesis of nanomaterials occurs inside of the algal cell 
undergoing through various metabolic pathways of the algae. 
NADPH or NADPH dependent reductase bound to mem-
brane or ETS serve as reducing agent and it does not require 

Fig. 3   Synthesis of algal biomass-based nanomaterials
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any pre-treatment of microalgae cells. When treated with 
chloroauric acid at 20 °C, Ulva intestinalis and Rhizocluni-
umfortinalae fabricated gold nanoparticle which was identi-
fied by a change of chloroplast colour to purple from green 
after 72 h (Sicard et al. 2010; Sharma et al. 2016).

Extracellular mode of synthesis of nanomaterials

Synthesis of nanomaterials occurs outside of the algal cell 
by using the metabolites produced by the cell. Before the 
synthesis, algal cell is washed and blended as pre-treatment 
(Dahoumane et al. 2016). For the extracellular synthesis of 
nanomaterials, the optimum concentration of the metal pre-
cursor and algal extract is mixed in a certain ratio and main-
tained till the reaction is complete. Gold uptake by the algae 
takes place in two phases (a) rapid phase- active biomolecule 
facilitates the quick uptake of the gold ions, (b) slow phase- 
Transport of gold ion across the membrane, suggesting 
its time dependence. In Spirulina platensis, an absorption 
maxima at 530 nm is observed for the gold indicating that 
the surface enzymes and active biomolecule facilitated the 
extracellular nanomaterial synthesis (Khanna et al. 2019).

Mechanism of algal nanoparticle synthesis

To synthesize algal nanoparticles, metal concentrate is 
mixed with the algal biomass. To initiate this process, metal 

ions adsorbs and accumulate on the algal surface. Then algae 
use different enzymes and metabolites like chlorophyll, phy-
cobilin, polyunsaturated fatty acids, carbohydrates, polysac-
charides, and minerals to remodel the metal ions into mal-
leable form by reducing them. For example, brown algae 
use the hydroxyl group in their cell wall polysaccharide 
to synthesize Ag-nanoparticles. Reduction is the process 
which algae implies to covert the metal ions into precursors 
of nano-scaled particles. The functional group present in the 
metabolites produced by the algae helps in the reduction of 
metal ions as illustrated in Table 2. The step of reduction 
is marked by the change in colour of the solution (Ram-
akrishna et al. 2016; Gour and Jain 2019).

After reduction, the nanoparticles undergo nucleation, 
where they self organizes to achieve a thermodynamically 
stable appearance. The process of reduction and nucleation 
together marks the first phase of algal nanoparticle synthe-
sis, called the activation phase. The second phase is called 
the growth phase, where the reduced and nucleated metal 
ions start to amalgamate with each other forming variable 
sized nanoparticles. During the growth phase to prevent 
the nucleated metal ions from forming large amalgamates 
and to provides them stability, capping reagents are used. 
Capping reagents (Table 2) are amphiphilic substances like 
membrane polysaccharides which covalently binds to the 
nanoparticles. This binding induces stearic hindrance into 
the structure and thus provides stability. In the final stage 

Table 1   Utilization of algal biomass-based nanomaterials for various purposes

Microalgae species Nanomaterials Application Reference

Cyanobacteria Phormidiumvalderianum Au-NP Gold nanorods for medical purpose Parial et al. (2012)
Anabaena spp. Au-NP In-vivo self-reproducing bioreactor Rösken et al. (2016)
MicrochaeteNCCU-342 Ag-NP Degradation of methyl-red Husain et al. (2019)
Anabaena strain L31 ZnO Sunscreen filter Singh et al. (2013)
Phormidium tenue NTDM05 CdS Biolabeling MubarakAli et al. (2013)

Brown algae Turbinariaconoides Au-NP Reduction of organic dyes Ramakrishna et al. (2016)
Sargassumtenerrimum Au-NP Degradation of Rhodamine dye Ramakrishna et al. (2016)
Padina gymnospora Au-NP Cancer therapeutic Singh et al. (2013)
Sargassum muticum Ag-NP Antiviral, antifungal Azizi et al. (2013)
Bifurcariabifurcata CuO Antibacterial Abboud et al. (2014)

Green algae Coelastrellaspp. Au-NP Biolabeling MubarakAli et al. (2013)
Caulerpa serrulata Ag-NP Remediation of congo red Aboelfetoh et al. (2017)
Ulva lactuca Ag-NP Remediation of methyl orange Singh et al. (2013)
Ulva faciata Ag-NP Antimicrobial El-Rafie et al. (2013)
Chlorococcum sp. MM11 Fe-NP Remediation of Cr (VI) Subramaniyam et al. (2015)
Scenedesmus-24 PdS Environmental remediation Jena et al. (2015)

Red algae Gracilariacorticata Au-NP Ferric ion reduction Kumar et al. (2013a)
Galaxauraelongata Au-NP Antibacterial Abdel-Raouf et al. (2017)
Gracilariacorticata Ag-NP Antifungal Kumar et al. (2013a)
Gracilaria dura Ag-NP Wound healing, Food preservation Shukla et al. (2012)
Gracilaria edulis ZnO Anti-cancer against PC3 cell lines Priyadharshini et al. (2014)
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or termination phase, the stabilized nanoparticles undergo 
conditioning through temperature, pH, and physical shearing 
with due course of time to attain a final refined shape and 
size (Ramakrishna et al. 2016; Gour and Jain 2019; Javed 
et al. 2020).

Application of phyco‑nanomaterials 
in remediation of heavy metals

The presence of heavy metals and their salts impart det-
rimental effects to the micro-organisms involved during 
the biological waste-water treatment. Most of the salts of 
the heavy metals are highly soluble in aqueous medium 
and thus cannot be efficiently removed by the commonly 
employed physical methods but these methods are highly 
expensive so cannot be used on large scale. For making the 
process of removal of heavy metals efficient and inexpen-
sive, biological methods are employed on large scale which 
includes exploiting the ability of organism to bioaccumulate 
or biosorp the heavy metals and thus removing them from 
the contaminated water.

In phyconanoremediation, the nanoparticles produced 
using the algal biomass is used for the remediation purposes. 
The biological methods of nanoparticles production are eco-
friendly, cost-effective and does not produce any hazard-
ous by-products and is a sustainable approach (Saxena and 
Harish 2019). Several studies have been conducted so far 
for assessment of application of algal biomass-based nano-
materials in remediation of heavy metals. Table 3 presents a 
list of studies where algal biomass was used for synthesis of 
several metal nanoparticles for the purpose of heavy metal 
removal from different polluted sites.

Application of phyco‑nanomaterials 
in remediation of dyes

Although the physiochemical methods are highly effective, 
but they are very expensive in terms of instruments and 
power required. Bioremediation uses the metabolic reac-
tion of the living cell like bacteria, plant, algae, fungi, and 
animals to remove the dyes from the environment. Biologi-
cal methods degrade dyes aerobically or anaerobically or by 
using the enzymes of the living system (Pereira and Alves 
2012). Just like in the case of heavy metal remediation, phy-
coremediation of dyes have some challenges. Phycoreme-
diation depends on many factors such as pH, temperature, 
dye structure, size and concentration, concentration of algal 
biomass, contact time, and the pre-treatment used. All these 
factors either effect the functioning of the enzyme, surface 
functional group activity or binding of the dye to the algae. 
Also, dyes are not the part of the natural environment, so Ta

bl
e 

2  
(c

on
tin

ue
d)

C
at

eg
or

y 
of

 c
om

po
un

d
B

io
-a

ct
iv

e 
co

m
po

un
d

Fu
nc

tio
n

A
lg

ae
N

an
om

at
er

ia
l i

nf
or

m
at

io
n

Re
fe

re
nc

e

Fl
av

on
oi

ds
G

al
lic

 a
ci

d.
 Id

en
tifi

ed
 u

si
ng

 
FT

IR
 st

ud
ie

s.
St

ab
ili

zi
ng

 a
ge

nt
G

al
ax

au
ra

 e
lo

ng
at

e 
A

u-
N

P.
Sp

he
ric

al
, f

ew
 ro

ds
, h

ex
-

ag
on

al
, t

ria
ng

ul
ar

. 3
.8

5–
77

.1
3 

nm
.

A
bd

el
-R

ao
uf

 e
t a

l. 
(2

01
7)

A
lg

al
 L

PS
 a

nd
 re

du
ci

ng
 

su
ga

rs
Pr

ev
en

t m
et

al
 to

xi
ci

ty
.

St
ab

ili
zi

ng
 a

ge
nt

N
os

to
c 

el
lip

so
sp

or
um

 
A

u-
N

P.
 V

ar
ia

bl
e 

si
ze

 a
nd

 
sh

ap
e,

 2
0–

40
 n

m
Pa

ria
l e

t a
l. 

(2
01

2)



342	 Vegetos (2023) 36:332–347

1 3

Ta
bl

e 
3  

A
pp

lic
at

io
n 

of
 a

lg
al

 b
io

m
as

s-
ba

se
d 

na
no

m
at

er
ia

ls
 in

 re
m

ed
ia

tio
n 

of
 h

ea
vy

 m
et

al
s

H
ea

vy
 m

et
al

(s
) a

nd
 it

s s
ou

rc
e

N
an

ot
ec

hn
ol

og
y 

en
ab

le
d 

al
ga

e-
ba

se
d 

re
m

ed
ia

tio
n 

ag
en

t
Re

m
ov

al
 o

r d
eg

ra
da

tio
n 

or
 re

du
ct

io
n 

effi
ci

en
cy

A
ny

 o
th

er
 re

m
ar

ks
Re

fe
re

nc
e

C
r (

V
I)

 fr
om

 e
ffl

ue
nt

 st
re

am
 o

f p
ai

nt
 

an
d 

ste
el

 in
du

str
y.

N
an

op
ar

tic
le

 sy
nt

he
si

ze
d 

by
 

m
ec

ha
ni

ca
l a

gi
ta

tio
n 

of
 S

pi
ru

lin
a 

pl
at

en
si

s

99
.1

%
 re

m
ov

al
 e

ffi
ci

en
cy

Th
e 

io
n 

co
nc

en
tra

tio
n 

w
as

 2
50

 
m

gL
−

 1
D

ot
to

 e
t a

l. 
(2

01
2)

Pb
 io

n 
so

lu
tio

n 
(1

00
0 

m
g/

L)
Fe

3O
4 n

an
op

ar
tic

le
 a

lg
in

at
e 

be
ad

 
sy

nt
he

si
ze

d 
fro

m
 P

ad
in

a 
pa

vo
ni

ca
 

(L
in

na
eu

s)

91
%

 b
io

 re
m

ov
al

Th
e 

co
nt

ac
t t

im
e 

w
as

 7
5 

m
in

El
-K

as
sa

s e
t a

l. 
(2

01
6)

Pb
 io

n 
so

lu
tio

n 
(1

00
0 

m
g/

L)
Fe

3O
4 n

an
op

ar
tic

le
 a

lg
in

at
e 

be
ad

 
sy

nt
he

si
ze

d 
fro

m
 S

ar
ga

ss
um

 
ac

in
ar

iu
m

78
%

 b
io

re
m

ov
al

Th
e 

co
nt

ac
t t

im
e 

w
as

 7
5 

m
in

El
-K

as
sa

s e
t a

l. 
(2

01
6)

A
s c

on
ta

m
in

at
ed

 g
ro

un
d 

w
at

er
Fe

3O
4 n

an
op

ar
tic

le
s f

ro
m

 S
ar

ga
s-

su
m

m
ut

ic
um

H
ig

h 
ar

se
ni

c 
ad

so
rb

an
ce

Th
e 

co
nt

ac
t t

im
e 

w
as

 6
0 

m
in

 in
 

sti
rr

er
 a

nd
 w

as
 a

llo
w

ed
 to

 st
an

d 
fo

r 
30

 m
in

N
ik

ić
 e

t a
l. 

(2
01

9,
 U

za
ir 

et
 a

l. 
(2

02
0)

H
g 

io
ns

 fr
om

 w
as

te
w

at
er

 re
se

rv
oi

rs
A

g 
na

no
pa

rti
cl

es
 fr

om
 C

hl
or

oc
oc

-
cu

m
hu

m
ic

ol
a

H
ig

hl
y 

effi
ci

en
t

Th
e 

na
no

pa
rti

cl
e 

ca
n 

be
 p

ro
du

ce
d 

bo
th

 in
tra

ce
llu

la
rly

 a
nd

 e
xt

ra
ce

l-
lu

la
rly

Pa
te

l e
t a

l. 
(2

02
1)

C
u 

io
ns

 fr
om

 so
lu

tio
n 

w
ith

 in
iti

al
 io

n 
co

nc
en

tra
tio

n 
of

 1
00

 m
g/

L
Re

du
ce

d 
gr

ap
he

ne
 o

xi
de

s (
rG

O
) 

fro
m

 S
ce

ne
de

sm
us

va
cu

ol
at

us
 

(2
11

-1
1n

),

91
%

 re
m

ov
al

 w
ith

in
 3

0 
m

in
98

%
 re

m
ov

al
 fo

r c
on

ta
ct

 ti
m

e 
36

0 
m

in
A

hm
ad

 e
t a

l. 
(2

01
8)

C
u 

io
ns

 fr
om

 so
lu

tio
n 

w
ith

 in
iti

al
 io

n 
co

nc
en

tra
tio

n 
of

 1
00

 m
g/

L
Re

du
ce

d 
gr

ap
he

ne
 o

xi
de

s (
rG

O
) 

fro
m

 C
hl

or
oi

di
um

sa
cc

ha
ro

ph
ilu

m
 

(2
11

-9
a)

74
%

 re
m

ov
al

 w
ith

 3
0 

m
in

 o
f c

on
ta

ct
 

tim
e

98
%

 re
m

ov
al

 fo
r c

on
ta

ct
 ti

m
e 

of
 

36
0 

m
in

A
hm

ad
 e

t a
l. 

20
18

)

C
u 

io
ns

 fr
om

 so
lu

tio
n 

w
ith

 in
iti

al
 io

n 
co

nc
en

tra
tio

n 
of

 1
00

 m
g/

L
re

du
ce

d 
gr

ap
he

ne
 o

xi
de

s (
rG

O
) f

ro
m

 
Le

pt
ol

yn
gb

ya
 JS

C
-1

93
%

 re
m

ov
al

 w
ith

 3
0 

m
in

 o
f e

xp
o-

su
re

 ti
m

e
96

%
 re

m
ov

al
 w

ith
 3

60
 m

in
 o

f e
xp

o-
su

re
 ti

m
e.

A
hm

ad
 e

t a
l. 

(2
01

8)

Pb
 io

ns
 fr

om
 so

lu
tio

n 
w

ith
 in

iti
al

 io
n 

co
nc

en
tra

tio
n 

of
 1

00
 m

g/
L

Re
du

ce
d 

gr
ap

he
ne

 o
xi

de
s (

rG
O

) 
fro

m
 S

ce
ne

de
sm

us
va

cu
ol

at
us

 
(2

11
-1

1n
),

95
%

 re
m

ov
al

 w
ith

 3
0 

m
in

 o
f e

xp
o-

su
re

 ti
m

e
Re

m
ov

al
 e

ffi
ci

en
cy

 re
m

ai
ne

d 
co

n-
st

an
t f

or
 3

60
 m

in
 o

f c
on

ta
ct

 ti
m

e.
A

hm
ad

 e
t a

l. 
(2

01
8)

Pb
 io

ns
 fr

om
 so

lu
tio

n 
w

ith
 in

iti
al

 io
n 

co
nc

en
tra

tio
n 

of
 1

00
 m

g/
L

Re
du

ce
d 

gr
ap

he
ne

 o
xi

de
s (

rG
O

) 
fro

m
 C

hl
or

oi
di

um
sa

cc
ha

ro
ph

ilu
m

 
(2

11
-9

a)

89
%

 re
m

ov
al

 w
ith

 3
0 

m
in

 o
f e

xp
o-

su
re

 ti
m

e
95

%
 re

m
ov

al
 w

ith
 3

60
 m

in
 o

f e
xp

o-
su

re
 ti

m
e.

A
hm

ad
 e

t a
l. 

(2
01

8)

Pb
 io

ns
 fr

om
 so

lu
tio

n 
w

ith
 in

iti
al

 io
n 

co
nc

en
tra

tio
n 

of
 1

00
 m

g/
L

Re
du

ce
d 

gr
ap

he
ne

 o
xi

de
s (

rG
O

) 
fro

m
 L

ep
to

ly
ng

by
a 

JS
C

-1
82

%
 re

m
ov

al
 w

ith
 3

0 
m

in
 o

f e
xp

o-
su

re
 ti

m
e

94
%

 re
m

ov
al

 w
ith

 3
60

 m
in

 o
f e

xp
o-

su
re

 ti
m

e.
A

hm
ad

 e
t a

l. 
(2

01
8)

C
r (

V
I)

 to
 C

r (
II

I)
 re

du
ct

io
n

Fe
 n

an
op

ar
tic

le
s f

ro
m

 C
hl

or
oc

oc
-

cu
m

sp
. M

M
11

92
%

 re
du

ct
io

n 
of

 C
r (

V
I)

 to
 C

r (
II

I)
Th

e 
re

du
ct

io
n 

ca
pa

ci
ty

 o
f b

ul
k 

iro
n 

is
 2

5%
Su

br
am

an
iy

am
 e

t a
l. 

(2
01

5)



343Vegetos (2023) 36:332–347	

1 3

they do not serve as a prime source of nutrient. Thus, addi-
tional source of energy and carbon is required as well (Man-
dal et al. 2016; Aragaw and Asmare 2018).

Nanoparticles have been used for the remediation of dyes 
from the environment in recent times. Being in the range of 
nanometres, nanoparticles provide an efficient adsorption 
due to the large surface. Nanoparticles can also degrade the 
pollutants into a simpler form. Silver nanoparticles (Ag-NP) 
are used to degrade dyes like Methylene blue, Congo Red, 
and Coomassie Brilliant Blue. Similarly, Cu-NP are found to 
be promising for degradation of Methylene Orange, Zn-NP 
for Malachite Green, Brown CGG dye and Congo Red, and 
Au-NP for Methylene blue (Rauta et al. 2019). However, 
methods used for synthesis of nanoparticles are expensive, 
require heavy machinery and energy, may change the sur-
face chemical and physical properties of the nanomaterials, 
and can cause secondary pollution due to the produced by-
products (Khanna et al. 2019). To overcome these problems 
biosynthesis of nanoparticles from algae is considered to 
provide an eco-friendly and cost-effective remediation strat-
egy for dyes. Table 4 presents a list of studies where algal 

biomass was used for synthesis of several metal nanoparti-
cles for the purpose of degradation of different dyes from 
different polluted sites.

Challenges and future prospects

Though there are numerous advantages of the phyco-nano-
remediation, there are certain disadvantages associated with 
this new emerging remediation technique. The nanoparticles 
of different metals have different sizes even when prepared 
from same organism. For the synthesis of nanoparticles, 
specific and well-studied culture conditions are required. 
The isolation techniques involved makes the entire process 
labour intensive and expensive. The size of nanoparticles 
synthesizes is highly dependent on the culture parameters 
used for the cultivation of algae such as pH of the medium, 
light availability, temperature, strength of the used buffer, 
mixing speed and the enzymes employed by the algae for the 
accumulation and conversion of metals (Shah et al. 2015). 
One of the major challenges in the intracellular synthesis of 

Table 4   Application of algal biomass-based nanomaterials in remediation of dyes

Dyes and its source Nanotechnology enabled
algae-based remediation 
agent (Algae, Nanomateri-
als)

Removal or 
degradation or
reduction efficiency

Any other
remarks

Reference

Methylene blue from textile 
and paper industry

Chlamydomonasrein-
hardtii, CdS-NP

90% removal in 90 min Photocatalysis is assisted 
by OH radicals and 
photo-generated holes

Rao and Pennathur (2017)

Malachite green from 
industrial waste

Spirulina platensis, CdS-
NP 

35–40% removal in 1 h Bioremediation of Cd (II) Mandal et al. (2016)

Reactive black 5, effluent of 
dyeing industry

Macrocystispyrifera, 
Zerovalent Fe-NP

69–80% removal in 1 h Integration of NP reduction 
and biomass adsorption

García et al. (2018)

Rhodamine B, Chemical 
solution

TurbinariaconoidesandSar-
gassumtenerrimum,

Au-NP

Increased removal effi-
ciency

Dose dependent reduction Ramakrishna et al. (2016)

Sulphorhodamine 101, 
Chemical solution

TurbinariaconoidesandSar-
gassum tenerrimum,

Au-NP

Increased efficiency Dose dependent reduction Ramakrishna et al. (2016)

Methyl red, Chemical 
solution

MicrochaeteNCCU-342,
Ag-NP

84.60% removal in 2 h Higher efficiency than by 
just using the extract

Husain et al. (2019)

Methylene blue, Chemical 
solution

Chlorellapyrenoidosa,
Ag-NP

Increased efficiency Low efficiency is lost after 
reuse, antibacterial

Aziz et al. (2015)

Methyl Orange, Chemical 
solution

Ulva lactuca, Ag-NP Slow but high efficiency 
after 12 h

Highest efficiency in vis-
ible light

Singh et al. (2013)

Congo Red, Chemical 
solution

Caulerpaserrulata, Ag-NP Decolouration in 5 min High efficiency at 95 °C Aboelfetoh et al. (2017)

Methyl Orange, Chemical 
solution

Hypneamusciformis, 
Ag-NP

Efficiency increases with 
time

Faster degradation in vis-
ible light

Ganapathy Selvam and 
Sivakumar (2015)

Reactive navy-blue dye, 
Chemical solution

Turbinariadecurrens,
Super paramagnetic 

Fe3O4-NP

Initially fast but slows 
down with time. Satura-
tion after 2 h.

– Khaleelullah et al. (2017)

Methylene blue, Chemical 
solution

Caulerparacemosa, Ag-NP Complete removal in 
30 min

– Edison et al. (2016)
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the nanoparticles by some of the algae such as Ulva intes-
tinalis, encapsulated Klebsormidium flaccidum and many 
more, is the extraction of the synthesized nanoparticles 
requires cell disruption and other techniques which is expen-
sive and time taking (Khanna et al. 2019). Till date, all the 
studies related to the phyco-nano-remediations have been 
conducted in the laboratory. In-situ remediation is a chal-
lenging task as large number of nanoparticles is required for 
such projects. Also, the nanomaterial must be removed from 
the water bodies after use as these nanoparticles have vari-
ous adverse effects on the environment and humans. These 
nanoparticles can cross-contaminate the surroundings, and 
due to extremely small size may even become aerosols, and 
travel to distances along with air and water. There have been 
studies reporting the toxicity of ZnO nanoparticles on the 
long-term exposure to fresh water microalgae, Scenedesmus 
rubescens(Aravantinou et al. 2020). The dermal exposure 
of carbon nanotubes is reported to cause problems in the 
humans. The nanoparticles used for the remediation may 
induce the transformation of other organic or inorganic 
material and may hamper the photochemical reactions 
occurring in the environment (Guzmán et al. 2006). A lot of 
waste comes from the discharge from the industries. These 
discharges contain nutrients that can be used as a system to 
grow the algae at the site of discharge. The cultivated algae 
will help in remediation on site. Not only this system will 
reduce the contaminants, but it will also help to reduce the 
cost of the operation. Further, this system helps to remove 
the gap from lab-scale development to the industrial applica-
tion. This system can also be merged with other systems like 
an algal fuel cell to achieve maximum output capacity from 
the system (Sharma et al. 2018).

Conclusions

The environmental pollution caused due to the heavy metals 
and dyes, produced by textile industries, mining activities, 
and effluent discharge directly into the environment causes 
great environmental threats. These chemicals and metals get 
bio-accumulated in the food chain and prove to be highly 
toxic for the higher organisms as the toxic chemical and 
metals gets accumulated in higher concentrations in them 
due to bioaccumulation. There have been a number of treat-
ment technologies adopted for the clearance of these pol-
lutants which includes physical treatment methods such as 
ion exchange, precipitation, electrocoagulation, membrane 
filtration, electrodialysis, chemical treatments which include 
chemical washing, reduction and chelate flushing, and bio-
logical treatment methods such as biofiltration, bioreme-
diation, biosorption, bioaugmentation, phytoremediation, 
phycoremediation, and microbial reduction of compounds. 
In addition to these traditional technologies, nanotechnology 

has also been used for the environment remediation and is 
gaining popularity due to its relative ease of operation and 
high efficiency. In spite of numerous advantages, nanotech-
nology faces some draw backs such as the traditional meth-
ods of synthesis of nanoparticles produces toxic by-products 
and requires lot of energy input. So, a new methodology 
called ‘phyco-nano-remediation’ is employed which involves 
the green synthesis of the nanoparticles and its use in the 
remediation process. By adopting algae for the synthesis 
of nanoparticles, the generation of the toxic by-products 
and high energy consumption is almost eliminated. These 
nanoparticles can be synthesised either by intracellular or 
extracellular mode using algal biomass. Using algae gold, 
silver, zinc oxide, iron, and copper and several other metal-
lic nanoparticles have been synthesized. The synthesized 
nanoparticles were then used to remediate lead, copper, mer-
cury, and other heavy metals along with many dyes includ-
ing malachite green, methylene blue, congo red, and crystal 
violet. Phyconanoremediation is advantageous as compared 
to phycoremediation because it is independent of the growth 
of algal cells and the prevailing environmental conditions 
at the site of remediation. The remediation efficiency for 
phycoremediation is dependent on the growth of the algal 
species under consideration whereas in case of phyconanore-
mediation, the remediation efficiency is independent of the 
environmental as well as algal growth conditions from which 
these nanoparticles have been derived from.
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