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managed and studied [1]. Surface water seeps 
through the soil and becomes groundwater and vice 
versa. Therefore, both surface and groundwater 
sources maybe contaiminated by similar pollution 
sources. Pollution sources may include point (from 
a single, identifiable source) and non-point (many 
sources) sources. Irrespective of the contamination 
source, damaging effects are still made to the 
ecosystem; especially those sources that add heavy 
metals or organic pollutants to waters because 
they are persistent in the environment and have 
been associated with mutagenic, teratogenic and 
carcinogenic effects. These pollutants cannot 
be easily destroyed biologically but are often 

A Review: Water pollution by heavy metal and organic 
pollutants: Brief review of sources, effects and progress on 

remediation with aquatic plants

1. Introduction
One precious natural resource is water, which 
is relied on for agricultural sustainability and 
mankind civilization. Water covers over 70 % of 
the earth crust and majority of the water have been 
subjected to maximum exploitation and severely 
degraded or polluted because of anthropogenic 
activities. Often times, water resources (including 
surface water and groundwater) even though 
they are interrelated and connected, are sperately
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A B S T R A C T
Heavy metals and organic pollutants are ubiquitous environmental pollutants affecting the quality 
of soil, water and air. Over the past 5 decades, a lot of strategies have been being developed for 
treatment of polluted water. Strategies involving aquatic plant use are preferable to conventional 
methods. In this study, an attempt was made to provide a profound and brief review on latest and 
newest progresses in research and practical applications of phytoremediation for water resources 
with the following objectives: (1) to discuss the toxicity of chemicals pollution in water to plant, 
animals, and human health (2) to summarise the physicochemical factors affecting  removal of 
toxic chemicals such as heavy metals and organic contaminants in aqueous solutions by aquatic 
plants; (3) to summarise and compare the removal rates of heavy metals and organic contaminants 
in aqueous solutions by diverse aquatic plants; and (4) to summarise chemometric models for 
testing aquatic plant performance. More than 20 aquatic plants specie have been used extensively 
while duckweed (L. minor), water hyacinth (Eichhornia crassipes), water lettuce (P. stratiotes) 
are the most common. Overall, chemometrics for performance assessment reported include: 
Growth rate (GR), Growth rate inhibition (% Inhibition), Metal uptake (MU), translocation/
transfer factor (TF), bioconcentration factor (BCF), Percent metal uptake (% MU), Removal 
capacity (RC) and Tolerance index (TI) while absorption rate have been studied using the sorption 
kinetics and isotherms models such as pseudo-first-order (PFO), pseudo-second-order (PSO), 
Freundlich, Langmuir and Temkin. Using modeling and interpretation of adsorption isotherms 
for performance assessment is particularly good and increases level of accuracy obtained from 
adsorption processes of contaminant on plant. Conclusion was drawn by emphesizing the gap in 
knowledge and suggesting very important future areas of research for scientists and policymakers.
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transformed from one oxidation state or organic 
complex to another [2-3], thus remaining in the 
environment for a very longtime. Therefore, toxic 
chemical pollution of water poses a great threat to 
the ecosystem. Many technologies that are easy to 
use have been developed as part of the continuous 
efforts to make water free from contamination, 
be of good quality, sustainable and economically 
feasible. Approaches involving chemical 
extraction, chemical isolation and containment, 
thermal method, chemical redox process, and 
electrokinetics have been widely used, especially 
at a small scale while difficult to use at large scale 
due to high costs and side effects [4]. Therefore, the 
search for an alternative clean and cheap technique 
for water cleaning became important. Plants use 
in treating contaminatedwater was proposed 
about 300 years ago, as an emerging cheaper 
technology [5]. Over the years, the concept has 
gained increasing attention and has been adopted 
by scientist, governmental and non-governmental 
organizations. Many studies regarding plant use for 
environment clean-up has focused on contaminated 
soils while regarding water medium have been less 
studied. Many aquatic plant species have been 
identified and tested for removing heavy metals 
and organic pollutants in water [4]. Mechanisms 
of uptake by whole plant as well as remediation 
performance studied using chemometrics have 
been done. There are progresses made over the 
years using hydroponics or field experiment. They 
were reviewed and reported in this paper.

2. Methodology
This research was carried out through a collection
of data and information from scientific articles
regarding the potential of some aquatic plants for
phytoremediation of toxic chemicals such as heavy
metals (specifically: As, Cu, Cr, Hg, Cd, Ni, Pb and
Zn) and organic pollutants. The scientific articles
were sought majorly from Google scholar and back
searches through references. For an article to be
included, it must be published in year 2000 and
above, in order to ensure that current information
was provided. However, few selected articles prior

to 2000 included were due to their importance in 
the initial set of empirical studies.

3. Water pollution
All life forms on earth depend on water for their
presence in the ecosystem. According to [6], water
is the second most important element required
by human for survival after the air we breathe.
The quality of water globally has been affected
negatively due to man-made activities including
unskilled utilization of natural water resources.
Even though, the United Nations recognizes the
availability of good drinking water for humans as
a human right, considerable numbers of people
worldwide are still suffering with the absence of
clean and new drinking water. Over 900 million
people out of the 7.7 billion people currently in
the world, lack access to enhanced drinking water.
A value which present a significance decrease
from around 2.6 billion peoples in 1990 and
approximately 600 billion people expected in 2015
if the United Nations’ Millennium Development
Goal  was achieved having access to enhanced
drinking water [7,8]. Furthermore, World Water
Council estimated that around 3.9 billion people
by 2030 will be living in water scare areas [9].
In Nigeria, irrespective of the total replenishable
water resource estimated at 319 billion cubic
meters, only 58% and 39% of the inhabitants in
urban and rural areas have access to potable water
supply respectively [10]. Whilst there is an increase
in urbanization, industrialization and population,
the demand for water assets is expanding daily
and thereby leading to serious contamination of
surface and ground water. The chief sources of
water pollution are presented in Table 1 and 5.
Marine pollution and nutrient pollution are the
two types of surface water pollution. The former
involves introduction of toxic substances (such as
toxic metals, pharmaceuticals, pesticides, dyes, and
surfactants) while the later refers to contamination
by excessive inputs of nutrients, which is primarily
responsible for eutrophication of surface waters.
It is considerable that 70–80% of all well-known
problems in developing countries are identified
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with water pollution, especially for children. The 
toxic pollutants released in wastewaters can be 
detrimental to aquatic organisms which also cause 
the regular waters to be unfit as consumable water 
sources [11-14]. Studies have implicated water 
pollution as the leading cause of death and diseases 
worldwide [15-16]. In 2015, water pollution 
caused the deaths of 1.8 million people [17]. 
Thereby, making water pollution a global concern, 
which requires continous assessment and revision 
of water resource policy at all levels (international 
down to individual aquifers and wells).

3.1. Heavy metals 
Metals with high density (³5 g/cm-3) are often 
regarded as heavy metals. They are ubiquitous in 
nature and adversely affect the environment and 
living organisms [18]. The levels and compositions 
of heavy metal are often determined and controlled/
influenced by local activities [19-21] while those 
ones suspended in air is monitored by the metal 
properties and various environmental factors [22] 
such as precipitation, rainfall and wind etc. Water 
(surface and ground) pollution by heavy metals is 
a global issue. Many surface and ground water in 
many countries (if not all) of the world have been 
affected by heavy metal pollution, but the severity 
of pollution vary enormously and controlled mainly 
by local activities. Many areas in Europe have been 
reported to be greatly affected by heavy metals [23] 
while in the USA, government statistics revealed 
that more than 19000 km of US streams and rivers 
have been contaminated by heavy metals from coal 
mine and acid mine drainage [24,25].  In Asia, some 
countries such as India, Pakistan and Bangladesh 
are experiencing severe pollution of surface water 
due to untreated effluents being poured in surface 
drains by small industrial units and from the use 
of raw sewage in producing vegetables near big 
cities, which ends in surface water by runoff and 
groundwater by leaching processes [25]. Generally, 
heavy metals identified in the polluted rivers in 
Asia include As, Cu, Cd, Pb, Cr, Ni, Hg and Zn. In 
different parts of Africa including North, East, South 
and West Africa, there are reports on heavy metal 

(notably Pb, Cd, Hg, Cu, Co, Zn, Cr, Ni, Mn, Fe, As 
and V) concentrations in surface water exceeding 
recommended limits, thereby polluting the surface 
waters in the region [26]. In Nigeria alone out of 
inland freshwater system estimated to be about 
283,293.47 hectares, only about 84,988.041 is still 
useful due to pollution [21]. In West Africa, najor 
pollution source is peteroleum-related activities 
including frequent acts of sabotage to oil facilities 
[21,26]. In Northern Africa, the contribution of 
agricultural activities (use of phosphate fertilizers 
and pesticides), East Africa include indiscriminate 
dumping of waste while in Southern Africa, mining 
activities are the major sources of environmental 
pollution [26]. Literatures reveal that natural rock 
weathering or geogenic sources and anthropogenic 
sources (man-made based from emission or effluent 
from the use of products containing heavy metals 
or capable of absorbing metals) are two broad 
sources for heavy metals introduction into the 
environment [20, 27-29]. The summary of sources 
of various heavy metals is listed in Table 1 while 
the consumption related emissions are presented 
in Table 2. The intensity of pollution is ontrolled 
by local activities; high anthropogenic activities 
may cause high heavy metal pollution. Generally 
urban waterbodies have higher heavy metals’ 
concentrations in comparison with less urbanized 
areas. However, in Europe the emission of some 
metals is decreasing perhaps due to increase in use of 
clean(er) technologies, improvements in emission 
controls and phasing out of leaded petrol, following 
the 1998 Heavy Metals Protocol enforced by 29 
December 2003. The trend of emission of selected 
heavy metals between the years 1990 to 2016 is 
presented in Figure 1. The emissions of Cd, Hg and 
Pb have declined by approximately 35 %, 30 % and 
10 % respectively since 1990 [30].  Furthermore, 
other priority heavy metals emissions such as As, 
Cu, Ni and Zn is simultaneously reduced by 57%, 
53%, 65% and 29%, respectively [31].

3.1.1. Effects of heavy metals pollution of water 
Many previous studies have extensively reviewed 
the adverse effects of heavy metals to human 
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Table 1. Different sources of some heavy metals
Heavy metals (HM) Sources 
As Semiconductors, petroleum refining, wood preservatives, animal feed additives, coal power

plants, herbicides, volcanoes, mining and smelting 
Cd Geogenic sources, anthropogenic activities, metal smelting and refining, fossil fuel burning, 

application of phosphate fertilizers, sewage sludge
Cr Electroplating industry, sludge, solid waste, tanneries
Cu Electroplating industry, smelting and refining, mining, biosolids
Hg Volcano eruptions, forest fire, emissions from industries producing caustic soda, coal, peat

and wood burning
Ni Volcanic eruptions, land fill, forest fire, bubble bursting and gas exchange in ocean, 

weathering of soils and geological materials 
Pb Mining and smelting of metalliferous ores, burning of leaded gasoline, municipal sewage,

industrial wastes enriched in Pb, paints
Zn Electroplating industry, smelting and refining, mining, biosolids

Source: [25].

Table 2. Consumption-related emissions factors (ppm) of heavy metals
HM Metallic 

usea
Plating 

and 
coatingb

Paint 
pigmentsc

Electron 
tubes and 
batteriesd

Other 
electrical 

equipmente

Chemical 
uses, not 

embodiedf

Chemica 
uses, 

embodiedg

Agricultural 
usesh

Non-
agricultural 

usesi

Medical 
and 

dentalj

Misc. 
NEC

As 0.001 0 0.5 0.01 NA NA 0.05 0.50 0.8 0.8 0.15
Cd 0.001 0.15 0.5 0.02 NA 1 0.15 NA NA NA 0.15
Cr 0.001 0.02 0.5 NA NA 1 0.05 NA 1 0.8 0.15
Cu 0.005 0 1.0 NA 0.10 1 0.05 0.05 1 NA 0.15
Hg 0.050 0.05 0.8 0.20 NA 1 NA 0.80 0.9 0.2 0.50
Pb 0.005 0 0.5 0.01 NA 1 0.75 0.05 0.1 NA 0.15
Zn 0.001 0.02 0.5 0.01 NA 1 0.15 0.05 0.1 0.8 0.15

NA- Not available
a. As alloys or analgams (in the case of Hg) not used in plating, electrical equipment, catalysts or dental work. Losses can be assumed to be due
primarily to wear and corrosion, except for mercury which volatilizes.
b. Protective surfaces deposited by dip coating (e.g. galvanizing, electroplating vacuum deposition, or chemical bath (e.g. chromic acid).Losses
in use are mainly due to wear and abrasion (e.g. silverplate), or flaking (decorative chrome trim). In the case of mercury-tin “silver” for mirrors,
losses were largely due to volatilization.
c. Paints and pigments are lost primarily by weathering (e.g. for metal-protecting paints), by wear, or by disposal of painted dyes or pigmented
objects, such as magazines. Copper- and mercury-based paints slowly volatilize over time. A factor of 0.5 is rather arbitrarily assumed for all other 
paints and pigments.
d. Includes all metals and chemicals (e.g. phosphorus) in tubes and primary and secondary batteries, but excludes copper wire. Losses in
manufacturing may be significant. Mercury in mercury vapour lamps can escape to the air when tubes are broken. In all other cases it is assumed
that discarded equipment goes mainly to landfills. Minor amounts are volatilized in fires or incinerators or lost by corrosion; lead-acid batteries
are recycled.
e. Includes solders, contacts, semiconductors and other special materials (but not copper wire) used in electrical equipment control devices and
instruments, etc. Losses to the environment are primarily via discard of obsolete equipment to landfills. Mercury used in instruments is lost via
breakage and volatilization or spillage.
f. Chemical uses not embodied in final products include catalysts, solvents, reagents, bleaches, etc. In some cases a chemical is basically embodied 
but there are some losses in processing. Losses in chemical manufacturing per se are included here. Major examples include copper and mercury
catalysts (especially in chloride mfg); copper, zinc and chromium as mordants for dyes; mercury losses in felt manufacturing; chromium losses
in tanning; lead in desulphurization of gasoline; zinc in rayon spinning, etc. In some cases virtually all of the material is actually dissipated. We
include detonators such as mercury fulminate and lead azide (and explosives) in this category.
g. Chemical uses embodied in final products other than paints or batteries include fuel additives (e.g. TEL). anti-corrosion agents (e.g. zinc
dithiophosphate), initiators and plasticizers for plastics (e.g. zinc oxide), etc. Also included are wood preservatives and chromium salts embodied
in leather. Losses to the environment occur when the embodying productivity is utilized, for example gasoline containing TEL is burned and largely 
dispersed into the atmosphere. However, copper, chromium, and arsenic are used as wood preservatives and dispersed only if the wood is later
burned or incinerated. 
h. Agricultural pesticides, herbicides, and fungicides. Uses are dissipative but heavy metals are largely immobilized by soil. Arsenic and mercury
are exceptions because of their volatility.
i. Non-agricultural biocides are the same compounds, used in industrial, commercial, or residential applications. Loss rates are high in some cases.
j. Medical/dental uses are primarily pharmaceutical (including cosmetics) germicides, also dental filling material. Most are dissipated to the
environment via waste water. Silver and mercury dental fillings are likely to be buried with the dead body
Source: [32] 
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and ecological system [14, 18, 33-36].  Increased 
levels of heavy metal contaminants in water affect 
negatively the ecological function of water including 
recycling and primary production of nutrients. Also 
affected is the health of wildlife and humans through 
bioaccumulation in the food chain with the lasting 
impact of metal tolerance development among 
certain organisms. Furthermore, harmful ecological 
impacts of metals may include info-disruption, that 
impact intra and interspecies interaction among 
freshwater organisms and microbes [21]. However, 
the effects of heavy metal pollution in water shall 
be discussed under the following; plants, aquatic 
animals and humans. The toxicity of heavy metals 
to aquatic plant, animal and human is depended 
on the solubility and bioavailability of the metals, 
organism tolerance, pH, and presence of other ions 
that interfere with bioavailability, among other 
issues that may interfere with the result of contact 
with the element [37].

3.1.1.1. Plant 
Some heavy metals are needed for upkeep and 
growth by aquatic plants. However, when the 
concentrations become excessive, the plant may 
be at risks of heavy metal toxicity both directly 
and indirectly. High concentrations of heavy 

metals in plant may interfere with metabolic 
functions, including physiological and biochemical 
processes such as oxidative stress from production 
of reactive oxygen species (ROS),  inhibition of 
photosynthesis, and respiration and degeneration 
of main cell organelles, even leading to death of 
plants [2, 38-39]. Other specific effects include 
growth reduction (especially the origin and main 
part of system is more affected), chlorosis and 
leaf necrosis followed by traces of senescence and 
abscission, which changes lead to lower nutrient 
uptake and interfere with the biomass acquired 
[40]. A visual symptom of metal toxicity to plant is 
presented in Figure 2.
The effect of heavy metal toxicity on the aquatic 
plants varies according to the particular heavy 
metal involved in the process, multi-metal 
interaction in the water and the plant itself. In 
terms of particular heavy metal, exposure of Water 
hyacinth (Eichhornia crassipes) to excess arsenic 
(As) concentration of 6 mg/L over ³ 8 days lead 
to the death of the plant while the plant became 
unhealthy after 3 days of exposure [42]. At the 
same concentration of 6 mg/L and a different 
concentration of 2.5 mg/L, Eichhornia crassipes 
was able to withstand zinc (II) and cadmium (II) 
sorption respectively in water [43]. Furthermore, in 

Fig. 1. Trends in emissions of heavy metals from 1990 to 2016 (Source: [30])
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terms of plant, Brake fern (Pteris vita) accumulated 
As up to concentration of 7500 mg/kg without 
showing symptom of toxicity [44] while Water 
hyacinth (Eichhornia crassipes) survives at that 
concentration. Literature reveals that adverse 
effects have been observed in aquatic plants for 
Pb, Cd, Hg, and As at very low concentration in 
the growth medium. Also, effects maybe enhanced 
or reduced by the combination or presence of 
many metals in the media.  Wiafe [45] observed 
that the level of uptake of metals (As, Hg, Cd and 
Pb) by Typha capensis was inhibited when either 
two of the heavy metals existed in the solution. 
Some plants tolerate or counteract the damages of 
heavy metals while some at certain concentration 
increase in nutrient and size. For example, when E. 
camaldulensis species was exposed to 45 μmol/L 
Cd, an increase of carotenoids (related to the 
tolerance to oxidative stress), epidermis and root 
endoderm thickness was obseverd [37, 51]. The 
tolerance could be due to some phyto-compounds 
such as anthocyanins, thiols, and antioxidant 
scavenging enzymes [52]. Furthermore, at 50 
mg/kg of Co, there was an increase in nutrient 
content of tomato plants [53] and increase in plant 
growth, nutrient content, biochemical content, and 
antioxidant enzyme activities (catalase) in radish 
and mung bean [54, 55]. Over 14 days exposure 
of Ipomonea aquatica (water spinach) to high Cr3+ 
(10 mg L-1) in contaminated water (in hydroponic 

system), the root of the plant increased in size 
(becoming fatter) rather than longer [50]. Some 
aquatic plants have the tendency to recover within 
days after exposure to high concentration of heavy 
metals. For instance, Drost et al., [56] observed that 
after high exposure to copper, nickel and cadmium 
toxicity, Duckweed recovered within days. It is 
safe to state where plant survives a high level of 
exposure to a toxicant or stress, there is a potential 
for full recovery [57].

3.1.1.2. Aquatic animals
One major biomarker of heavy metal toxicity 
in aquatic environment is fish. Although, they 
are of great importance economically, they are 
greatlty affected by heavy metals. Exposure of 
fish species to heavy metals may be from contact 
directly or from food web or chain indirectly. 
Long term exposure can cause death to juvenile 
fish and reduced breeding potential of adults fish 
as indicated in many reports [58-61]. The toxicity 
may cause structural changes in the organs at 
microscopic cellular, DNA, chronic stress and 
organ level leads to alterations of the function 
systems and eventual growth inhibition [62]. In 
fish system, highest concentration of heavy metals 
was reported to be in the kidney and liver [63]. 
Creatures in benthic environment, such as worms, 
crustaceans and insects are greatly by contaminated 
sediment by heavy metals, affecting their feeding 
habit and eventual death and reducing the food 
availability for larger animals such as fish [64]. 

3.1.1.3. Human health
In water, metals are present as complex mixtures of 
discrete mineral phases. However, bioavailability 
of metals (determined through metal speciations) 
determines the impacts on human health. Several 
studies have explored routes of exposure from 
water which include dermal contact and the 
most direct exposure pathway including oral 
ingestion [6,10,13,27-28,65-66].  Adverse health 
impacts to human health are mainly controlled by 
concentrations (amount) ingested and individuals 
(with compromised metabolism and poor clearance 

Fig. 2. Visual symptoms of arsenic toxicity in leaves (A) 
and roots (B) of Pistia stratiotes exposed to three AsIII 
concentrations after four days (reprinted from [41]).
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mechanisms) [28,66].  Generally, assessment of 
health risk of potentially toxic metals involves 
the quantitative assessment of the possibility of 
the deleterious impacts occurring in a given set of 
conditions [66]. Summary of selected heavy metal 
impacts on human health nand major biomarkers of 
importance is presented in Table 4.

3.2. Organic pollutants
Organic pollutants are pollutants that are organic 
in nature i.e basically containing carbon covalently 
bonded with other compounds. They are known to 
be toxic or carcinogenic in nature. Their presence 
in water in large quantity causes considerable and 
widespread concern. Rivers serves as hotspot for 
organic pollutant loading, particularly those in 

lowland regions [74]. 
Organic water pollutants generally include: 
detergents, disinfection by-products (having 
“down-the-drain” applications [221]), food 
processing waste, insecticides and herbicides, 
petroleum hydrocarbons and lubricants, and fuel 
combustion byproducts (from storm water runoff) 
[75], volatile organic compounds, chlorinated 
solvents, perchlorate (from personal care products), 
drug pollution (involving pharmaceutical drugs 
and their metabolites). Some of these organic 
water pollutants contain compounds that are 
persistent in nature and elicited most concern 
from the international community regarded as 
persistent organic pollutants (POPs). POPs are 
heterogeneous set of man-made compounds that 

Table 3. Effect of heavy metal toxicity on some aquatic plants
Metal Aquatic Plant Toxic effect References 
Al Duckweed 

(Lemna minor L.)
Decline in enzymatic activity, reduced efficiency of 
photosynthetic energy conversion

[46] 

As Water hyacinth 
(Eichhornia crassipes)

Stunted growth, chlorosis, wilting, death [42]

 Water lettuce 
(Pistia stratiotes L.)

Sharp reduction in the root volume, chlorosis, organ also 
became darker, cell membrane damage, reduction in relative 
growth rate; reduced photosynthetic O2 evolution activity, high 
enzyme activitysuch as superoxide dismutase (SOD), catalase 
(CAT), peroxidase (POX) and ascorbate peroxidase (APX)

[41]

Brake fern (Pteris vita) Decline in enzymatic activity, reduced efficiency of 
photosynthetic energy conversion

[44]

Cd Duckweed 
(Lemna minor L.)

Reduced shoot growth; inhibition of root growth [47] 

Iridaceae (Gladiolous), 
Isoetaceae (Isoetes 
taiwaneneses D.) and Amazon 
sword plant or burhead 
(Echinodorus Amazonicus)

Reduced shoot growth; inhibition of root growth [48] 

Water hyacinth 
(Eichhornia crassipes)

Stunted growth, plant height and root length decreased, 
chlorosis

[49] 

Water lettuce 
(Pistia stratiotes L.)

Stunted growth, plant height and root length decreased, 
chlorosis

[49] 

Cr Water spinach 
(Ipomonea aquatica)

Increased in root size, root length decreased [50] 

Zn Duckweed 
(Lemna minor L.)

Decline in enzymatic activity, reduced efficiency of 
photosynthetic energy conversion, decrease in chlorophyll

[46]

Water hyacinth 
(Eichhornia crassipes)

Stunted growth, plant height and root length decreased, 
chlorosis

[49] 

Water lettuce 
(Pistia stratiotes L.)

Stunted growth, plant height and root length decreased, 
chlorosis

[49]
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are easily transported from their source and easily 
reconcentrated in the new environment to potential 
toxic or hazardous levels. Concern regarding the 
toxicities of these pollutants brought about a global 
treaty which is known as the Stockholm Convention, 
launched in 2001 to reduce drastically or eliminate 
POP release to the environment [76]. Many 
evidences exist regarding waterbodies pollution by 
organic pollutants. In drinking water, concentration 
rarely exceeds 20 mg/L-1 [74]. Some organic 
pollutants including polychlorinated dibenzo-p-
dioxins and polychlorinated dibenzofurans (PCDD/
Fs), antibiotics, herbicides and bisphenol A (BPA), 
have drawn significant attention by environmental 
researchers [77, 227]. However, other organic 
pollutants considered low priority pollutants 
may be inform of nutrient or dissolved materials 
including phosphates, nitrate, sulphate, ammonium 
nitrate, nitrite etc. Major sources of specific classes 
of pollutant in water are summarized in Table 5.

3.2.1 Adverse effects of Organic pollutants in 
water
Although microorganisms can degrade organic 

pollutant load in water through a self-purification 
process involving using of sufficient oxygen, 
dilution, sedimentation and sunlight. The adverse 
effect of organic pollutants in water sources shall 
be discussed briefly under the following headings; 
plant, aquatic animal and human. 

3.2.1.1. Plant
Exposure of aquatic plants to organic pollutants 
is generally through uptake from roots influenced 
by their low volatility and through plant leaves 
by contact from air, often a consequence of 
agricultural spraying with organochemicals. 
After uptake by plants, organic pollutants are 
translocated to different parts of the plants, where 
toxicity may occur. Transport pathways in higher 
plants generally involves; short distance transport 
(intracellular and intercellular) and long distance 
transport (conducting tissue transport) [78]. 
However, some chemical based on their chemistry 
(e.g water-hating organic chemicals) are only 
limited in phloem [78-79]. Aquatic plant tolerance 
to uptake of organic pollutants seems to correlate 
with the ability to deposit large quantities of 

Table 4. Human health effects of some heavy metals
Metal Effects Most common Biomarkers of 

Exposure
References 

Cd Increased risk of osteoporosis, renal tubular, glomerular and lung 
damage, by affecting cardiovascular, developmental, digestive, 
nervous, urinary, reproductive, and respiratory (From the nose to 
the lungs) systems.

Blood, urine, feces, liver, 
Kidney and Bone.

[67] 

Cr Causes allergic dermatitis, low birth weight and also affecting 
immune, urinary, respiratory and cardiovascular systems. 

Blood or urine [68] 

Co Nausea and vomiting Dermatitis. Urine and Blood. [69] 
Cu Liver and kidney damage, immunotoxic, and death. Blood, urine, hair, and nails. [70] 
Ni Dermatitis, allergicreaction and chronic bronchitis. Blood, bone, and urine. [71] 

Pb Affects the central nervous system, impair neurodevelopment 
in children, metabolic processes, renal, gastrointestinal, 
ocular and musculoskeletal systems, thereby  causing nausea 
,anorexia, severe abdominal cramps, colic, weight loss, renal 
tubular dysfunction, abortion, muscle and joint pains and strong 
biochemical effect behavioral disorders, low intelligence, strokes.

Blood, bone, and urine. [72] 

Zn Attacks digestive, haematological, and respiratory system and 
causing anemia, pancreas damage, and decrease high density 
lipoprotein (HDL) cholesterol.

Serum zinc level. High 
levels of zinc in feces or 
urine are indicative of 
recent exposure

[73]
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pollutant metabolites in the ‘bound’ residue fraction 
of plant cell walls compared to the vacuole, where 
enzymatic and metabolic activities may occur [80]. 
However, toxicity of organic pollutants may be 
based on plant part viz root and leave. To the leave 
cell, toxic effects may include cell ultrastructure, 
biosynthesis, membrane stability and DNA while 
to the root cell, toxic effects include inordinate 
mitotic division [81]. Other effects may be on plant 
physiological and biochemical responses. Some 
recent studies [82-85], found that the system of 
defense and growth of Chara vulgaris L., Lemna 
minor L., H. dubia (Bl.) Backer and Potamogeton 
perfoliatus L respectively are affected by Linear 
Alkylbenzene Sulphonate, (LAS). Furthermore, our 
re-intepretation of their data reveals that the effects 
are varied among the different aquatic plant species. 
Similarly, [86] reported that at concentration of 840 
mg/L of ammonium nitrate in water, the growth 
rate, carbon contents, carbon-nitrogen ratio, 
photochemical cells and induced reactive oxygen 
stress (ROS) of Lemna minor L (Duckweed) was 
reduced, resulting in cell mortality of the aquatic 
plant. A simple indicator of aquatic plants exposure 
to organic pollutant is seen by the increased ROS 
production, leading to plants inability to do its 

regular ecological function of regulating nutrients 
in aquatic environment [57]. Information regarding 
the toxic effects of organic pollutants especially 
POPs on aquatic plant species or macrophyte is 
very scarce. Therefore, more studies are required to 
fill this knowledge gap.

3.2.1.2. Aquatic animals
Available oxygen in water is reduced organic 
pollutants. This affects water organisms by causing 
reduced fitness or death from asphyxiation. Effects 
also include increased turbidity (especially by 
petroleum-related wastes) of the water, which 
reduces the available light for photosynthetic 
organisms and potentially leading to its death. 
It can also settle on the benthic and alters the 
characteristics. Organic pollutants have been 
detected in marine organisms, including the green 
mussel, Perna viridis [87-90], barnacles [91], 
odontocete species [92] and fish species [58-61, 
93]. 

3.2.1.3. Human health
Environmental xenobiotic compounds have the 
potential to induce adverse effects on human 
health [94]. A common example is hydrophobic 

Table 5. Major sources of organic pollutants in water 
Chemical class Sources
Aliphatic and aromatic 
hydrocarbons (including 
benzenes, phenols and 
petroleum hydrocarbons)

Petrochemical industry wastes, Heavy/fine chemicals industry wastes, Industrial 
solvent wastes, Plastics, resins, synthetic fibres, rubbers and paints production, 
Coke oven and coal gasification plant effluents, Urban run-off, Disposal of oil and 
lubricating wastes

Polynuclear aromatic 
hydrocarbons (PAHs)

Urban run-off, Petrochemical industry wastes, Various high temperature pyrolytic 
processes, Bitumen production, Electrolytic aluminium smelting, Coal-tar coated 
distribution pipes

Halogenated aliphatic and 
aromatic hydrocarbons

Disinfection of water and waste water, Heavy/fine chemicals industry wastes, 
Industrial solvent wastes and dry cleaning wastes, Plastics, resins, synthetic fibres, 
rubbers and paints production, Heat-transfer agents, Aerosol propellants, Fumigants

Organochlorine pesticides Agricultural run-off, Domestic usage, Pesticide production, Carpet mothproofing,  
Timber treatment

Polychlorinated biphenyls Capacitor and transformer manufacture, Disposal of hydraulic fluids and lubricants, 
Waste carbonless copy paper recycling, Heat transfer fluids, Investment casting 
industries PCB production

Phthalate esters Plastics, resins, synthetic fibres, rubbers and paints production, Heavy/fine 
chemicals industry wastes,  Synthetic polymer distribution pipes

Source: [74]
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contaminant like POPs are known to be a potential 
endocrine disruptor compounds. Although, impact 
of organic pollutants to human health is yet to be 
fully examined [95-99], evidences still exists which 
correlates development and manifestation of some 
chronic diseases to exposure of certain organic 
chemicals. Particular, cancer cases has been greatly 
linked [74].  Other toxic effects could be on ovarian 
function in women [100], reproductive disorders in 
both male and female [101], female breast cancer 
[102], blood poisoning, eyes and skin irritation (by 
exogenous pollutant e.g. LAS) [103].

4. Decontamination strategy: Phytoreme-
diation
According to United Nations Environment Pro-
gramme [104], the efficient use of plants for re-
moving, detoxifing, or immobilising environmen-
tal contaminants is regarded as phytoremediation.
The strategy is eco-friendly and cheap. The con-
cept of phytoremediation of contaminated medium
has been extensively discussed in many scientific,
governmental and non-governmental studies [41,
104-115]. The overall objective of any treatment
method is to create a final solution that is protec-
tive of human health and the environment [29].
Whilst there are many studies on remediation of
contaminated soil by plant, aquatic medium by
aquatic plants have generally been less studied and
reviewed. Aquatic plants are extremely important
components of an aquatic ecosystem for primary

productivity and nutrient cycling [116-118] and 
providing refuge, habitat and food for some aquatic 
organisms. Aquatic phytoremediation involves the 
use of plants for the removal of contaminants from 
aqueous solutions.  Generally, members of Cypera-
ceae, Potamogetonaceae, Ranunculaceae, Typha-
ceae, Haloragaceae, Hydrocharitaceae, Najadace-
ae, Juncaceae, Pontederiaceae, Zosterophyllaceae, 
Lemnaceae, mainly represent aquatic plants [4]. 
These plants are either emergent (i.e their roots are 
attached to the substrate at the bottom of water bod-
ies while the leaves grow to or above the surface 
of the water), submerged (their root system is at-
tached to the substrate but their leaves do not reach 
the surface of the water), or free floating (i.e exclu-
sively found on the surface of water bodies, usually 
found in standing or slow moving waters) [115]. 
The overview of phytoremediation techniques or 
mechanism for the different pollutants is presented 
in Figure 3. For heavy metals removal mechanism 
include phytoextraction, phytostabilzation, phytoac-
cumulation, phytofilteration (rhizofilteration/ blasto-
filtration) while for organic pollutants mechanism 
include phytodegradation, phytostimulation, phy-
totransformation, phytovolatilization, phytodetoxi-
cation, phytoassimilation, phytoevaporation.  Phy-
toextraction and phytoaccumulation technique is 
based on hyper-accumulation, contaminant extrac-
tion and capture by plant; phytofilteration is based 
on the use of plant roots (rhizofiltration) or seed-
lings (blastofiltration) to accumulate, extract and 

Fig. 3. Overview of phytoremediation techniques by aquatic plant for both organic and inorganic contaminants 
removal in water 
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capture contaminants; phytostabilization is based 
on complexation and/or contaminant destruction; 
phytodegradation is based on contaminant destruc-
tion; phytovolatilization is based on volatilisation 
by leaves, contaminants extraction from media and 
release into air; phytoassimilation is based on con-
taminant transport and metabolism in plant chloro-
plast [119-120]. 
	 Research status of aforementioned phytoreme-
diation techniques is either at laboratory (involv-
ing use of hydroponics), pilot or field applications 
stages (involving use of constructed wetlands) 
[106, 107, 121] (see Figure 4). Phytoextraction and 
phytoaccumulation is at laboratory, pilot and field 
applications stages, phytofilteration is at laboratory 
and pilot scale stages, phytostabilization, phyto-
degradation (including rhizodegradation) is at field 
demonstration and application stage, phytovolatil-
ization is at laboratory and field application stages 
while phytoassimilation, phytoevaporation, phy-
todetoxication, phytostimulation and phytotrans-
formation is at laboratory or field demonstration 
stages. In any approach, at the end of the exercise, 
plant biomass is often harvested, dried and ashed 

for disposal or extracted using appropriate solvent 
before analysis. Aquatic plants which operate by 
rhizofilteration are preferable in aquatic phytore-
mediation than those plants that efficiently transfer 
the contaminants (translocators) from root to shoot. 
The reason is that translocators can potentially pol-
lute above ground biomass, which increases the 
cost of processing, as well as the risk of exposing 
the ecosystem to the contaminated plants [4].  The 
analyses for heavy metals and organic pollutants 
concentrations in plant biomass are often done by 
spectroscopic and chromatographic techniques fol-
lowing extraction processes. Extraction technique 
for heavy metals is commonly by acid digestion 
while organic pollutants include liquid–liquid ex-
traction (LLE), solid-phase extraction (SPE) and 
matrix solid-phase dispersion (MSPD). Common 
techniques for analysis after extraction include 
atomic absorption spectroscopy (for heavy metals) 
[6, 24], ultraviolet-visible spectroscopy (for dyes), 
high performance liquid chromatography (HPLC), 
liquid chromatography/tandem mass spectrometry 
(LC-MS/MS) or gas chromatography/mass spec-
trometry (GCMS) (for agricultural chemicals and 

Fig. 4. Experimental system for aquatic phytoremediation. (a) Field experiment showing a constructed wetland [122], 
(b) Pilot scale setup using Pteris vittata for removal of As from contaminated water [80] (c) Hydroponic system
developed for rhizofiltration of environmental contaminants by Talinum cuneifolium (Portulacaceae) [4].

(a) (b)

(c)
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petroleum hydrocarbons). 

4.1. Physicochemical factors affecting phytoremediation
Cellular mechanism for detoxification and tolerance 
has been discussed recently [112]. In general, the 
efficiency of removal by aquatic plants depends on 
water and contaminant physico-chemistry as well 
as physiology and genotype of the plant [4, 123-

124]. However, in this study emphasis was placed 
on the physiochemistry summarized in Table 6. 
These parameters can be manipulated or modified 
in water to enhance phytoremediation. 
	 Currently, studies modifying water physico-
chemistry for phytoremediation of toxic chemicals 
is at infancy. There is therefore, need for more ef-
forts for their effective use in the future. For metals, 

Table 6. Physical and chemical factors known to affect the pollutants uptake, accumulation, and toxicity 
Parameter Effects
Heavy metal
Temperature More uptake/toxicity at higher temperatures
Light Uptake is light dependent in some cases
pH Lower pH generally increases the uptake/capacity
Salinity Monovalent Cations (K, Na) Lower salinity increases the content/toxicity
Divalent Cations Ca, Mg, Mn, Fe Increasing monovalent cations reduces the uptake
Anions Increasing divalent cations reduces the uptake
Organic Acids Reduces uptake and toxicity
Sediment Fraction Binds metals, reduces uptake/toxicity
Heavy Metals Reduces uptake/toxicity by binding metals Complex metals, 

reduces uptake/toxicity Zn/Cd, Ni, Cu combinations are 
antagonistic. Fe can stimulate Cu accumulation

Suspended solids Complex metals, reduces uptake/toxicity
Sulphate Insignificant but reduces uptake slightly
Nitrate(N) Significantly reduces toxicity
Polypeptides Reduces uptake/toxicity by complexation
Polysachharides Chelate metals, reduces uptake/toxicity
Sulphur (amino acids) Reduces uptake and toxicity indirectly
Extracellular Products Reduces toxicity
Source: [125] 
Organic pollutants
Solubility and concentration of organic pollutants Increases uptake
pH Lower pH generally increases the uptake
Light intensity Uptake is light dependent in some cases
Nitrates Significantly reduces removal
co-occurring ions Increasing dissolved ions reduces the uptake
Partition coefficients High partition coefficient between octanol and water (KOW), and 

low partition coefficient between octanol and air (KOA) increases 
uptake/absorption from water and air respectively

Molecular mass of pollutants Generally, mass < 1000 increases uptake
Lipid content High lipid contents increases uptake/toxicity
Temperature Higher temperature coefficient for diffusion processes of organic 

pollutants can accelerate passive absorption by the plant. On the 
other hand, temperature rise stimulated transpiration stream rate 
and enzyme activity of plants

Transpiration stream concentration factor (TSCF) The TSCF can show the capacity of organic pollutant 
translocation from roots to aboveground parts.

Sources:  [80] ,[81], [113], [126-132].
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phytoextraction capabilities of many plant species 
can be enhance by reducing the concentration of 
organic acids in the water, since organic acids are 
known to form complexes with metals [6, 13, 65, 
125]. Reducing organic acid will thereby increase 
the concentration of free metal ions readily avail-
able for uptake. In addition, the bioavailability of 
metals can also be enhanced by aquatic plant roots 
exuding acidifying protons in water. The lowering 
of water pH increases the adsorption of heavy met-
als and reduces their concentrations in the aqueous 
solution [6, 65, 125, 133-134]. Also, the salt con-
tents in terms of salinity, when in high concentra-
tions reduces uptake of metals in water. For organic 
pollutant uptake and translocation by plants, pa-
rameter such as molecular mass and hydrophobic-
ity with partition coefficients (between octanol and 
water (KOW) /air (KOA)) plays crucial roles. Many 
reports have shown that high KOW and low KAO val-
ues of organic pollutants correlated positively to 
easy (high) uptake of organic pollutants in water 
and absorption from air by aquatic plants [80,127-
130]. Succinctly, when log Kow is less than 1, the 
organic pollutant becomes more soluble in water 
and mainly absorb on the plant roots at a rate sur-
passing passive influx into the transpiration stream 
(measured as TSCF) while at log Kow > 3.5, due to 
high sorption on the roots, aquatic plants may not or 
very slowly passed the contaminants into the tran-
spiration stream and further to the stems and leaves 
[80, 127]. Log Kow values of some frequently found 
organic contaminants in the environment have been 
reviewed [80]. Lipid content has the strongest influ-
ence on the uptake of organic pollutants, since most 
of the organic pollutants are hydrophobic organic 
contaminants (HOCs). Other factors which impact 
uptake of by influencing the adsorption of organic 
pollutants on sediments or chelates formation; in-
clude metal type in the solution, dissolved organic 
carbon (DOC) concentration, pH, organic mat-
ter content, light intensity and presence of nitrate. 
High intensity of light and presence of nitrate was 
reported to negatively affect perchlorate removal 
by Pistia sp. [131] and willow trees grown in hy-
droponic solution [135]. These results suggest that 

for successful phytoremediation of metal/organic 
polluted water, a strategy should be developed to 
combine a rapid screening of aquatic plant species 
possessing hyperacumulating tendency with prac-
tices focusing on physicochemical factors listed in 
Table 6. 

4.2. Phytoremediation of heavy metal polluted 
water
Literature reviewed reveals that many aquatic 
species have been identified and tested for the 
phytoremediation of selected heavy metals (As, Cu, 
Cr, Hg, Cd, Ni, Pb and Zn) from the polluted water 
(Table 7). These include sharp dock (Polygonum 
amphibium L.), duck weed (Lemna minor L.), water 
hyacinth (Eichhornia crassipes), water lettuce (P. 
stratiotes), water dropwort (Oenathe javanica (BL) 
DC), calamus (Lepironia articulate), pennywort 
(Hydrocotyle umbellate L.), Water fern (Azolla 
filiculoides), Poaceae (Phragmites communis Trin), 
spiny water nymph, spiny naiad and holly-leaved 
naiad (Najas marina), Water lilies (Nymphaea 
spontanea), Poaceae (Phragmites australis Cav.), 
Se a clubrush, cosmopolitan bulrush, alkali 
bulrush, saltmarsh bulrush, and bayonet grass 
(Bolboschoenus maritimus L.), water-starwort 
(Callitriche cophocarpa Sendtn), umbrella palm 
(Cyperus alternifolius), Salviniaceae (Salvinia 
herzogii), Water Mint (Mentha aquatica L.), 
Water Mint (Mentha sylvestris L.), Canna (Canna 
× generalis), Cannaceae (Canna indica L.), giant 
baby tears (Micranthemum umbrosum), aquatic 
moss (Warnstorfia fluitans), hippo grass (Vossia 
cuspidate), blue moon (Iris sibirica), marigold 
(Tagetes erecta), yellow bur head (Limnocharis 
flava), willow (Salix matsudana), Alpine penny-
cress (Noccaea caerulescens), Mint (Elsholtzia 
argyi) and Mint (Elsholtzi splendens) (Table 7). The 
summary of concentrations, period, experimental 
framework, removable rate of different aquatic 
plants reported in literature for heavy metals 
phytoremediation is presented in Table 7. 
	 Some plants are considered hyper-accumulator 
due to their well-developed fibrous root system and 
large biomass e.g Azolla species, water hyancinth, 
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Table 7. Summary of selected heavy metals in aqueous medium associated with aquatic plants remediation

Metal Concentration 
Exposure 
duration

Experimental 
framework Plant specie

Removal 
rate (%) References

As 0.5 21d Field Duckweed (L. minor) 5 [136] 
96 μg/L 3 d Field Duckweed (L. minor) 7070 [137] 

0-100 μM 192 h Hydroponic Warnstorfia fluitans 82 [138] 
16.31ppb 25 d Duckweed (L. minor) 90.95 [139] 

20 24 h Field Water lettuce (Pistia stratiotes) 77 [41]
Cd 1-8 12 d Hydroponics Duckweed (Wolffia globosa) 50-90 [140] 

17.20-26.25 μg/L Inconsistent Field Poaceae (Phragmites communis 
Trin)

45.6-80 [141] 

17.20-26.25 μg/L Inconsistent Field spiny water nymph, spiny naiad and 
holly-leaved naiad (Najas marina)

45.6-80 [141] 

0.5-4 12 d Hydroponic Water hyacinth (Eichhornia 
crassipes)

50-90 [142] 

0.003-10-7 M 28 Field Duckweed (L. minor) 95 [143] 
0.5-3.0 22 Field Duckweed (L. minor) 42-78 [144] 

Hydroponic Veronica anagallis 50-90 [145] 
Hydroponic Epilobium laxum 50-90 [145]

0.018 7 d Field Duckweed (L. minor) 78 [146] 
0.01-10 48 h Field Duckweed (L. minor) 97.32 [147] 
0-12.39 28 d Field Duckweed (L. minor) 72-91 [148] 
10 μM 7 d Field Duckweed (L. minor) 38 [149] 
0-12.39 28 Field Water fern (Azolla filiculoides) 72-91 [148] 
1.47 ppb 25 d Hydroponic Duckweed (L. minor) 97.79 [139] 
Variable

concentrations
10 d Field umbrella palm (Cyperus 

alternifolius)
3 [150] 

Variable 
concentrations

10 d Field Water hyacinth (Eichhornia 
crassipes)

20 [150]

water hyacinth for the phytoremediation of landfill 
leachate for the period of 15 days. The authors used 
fifteen plastic containers in experimental setup 
and the plant was fitted as a floating bed with the 
help of thermopole sheet. Results from their study 
showed that the removal rates of heavy metals like 
Zn, Pb, Cu and Ni from landfill leachate gradually 
increased from day 3 to day 15 of the experiment. 
The maximum removal rate for heavy metals such 
as for Zn (80–90%), Pb (76–84%), Cu (72-87%) 
and Ni (68-81%) was attained by the plants. Low 
values (< 1) of BCF and translocation factor, 
indicating low transport of heavy metals from roots 
to the above-ground parts of the plants. Therefore, 
from their results, they suggested that the plant 
is suitable for the removal of pollution load from 
landfill leachate. Priyanka et al [162] tested water 

duckweed etc. Removal rates by the water 
hyancinth in hydroponic solution for Cd, and Zn 
was 50-90 % for both metals [142] while for Ni 
removal was 68 % in field experiment [150] and 
19.84 % in hydroponics after 10 d exposure to 15 
mg/L of Ni [177]. Furthermore, strong removal was 
also observed for Cd removal (> 90 %) conducted 
in a pot [25].  Also using water hyancinth, Lu et. al., 
[142] demonstrated the potential for the removal of
Cd and Zn. In their study, the plant was exposed to
concentrations of 0.5, 1, 2 and 4 mg/L of Cd and 5,
10, 20, and 40 mg/L of Zn, and harvested separately
after days 0, 4, 8 and 12. They observed fast removal 
in the first 4 days with overall removal rates of 50-
90 %. They concluded that the plant was a moderate
accumulator of Cd and Zn at low concentrations.
Abbas et al [173] assessed the effectiveness of
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Metal Concentration 
Exposure 
duration

Experimental 
framework Plant specie

Removal 
rate (%) References

Cr 1-8 12 d Hydroponics Duckweed (Wolffia globosa) 50-90 [140] 
<0-2.20 μg/L Inconsistent Field Poaceae (Phragmites communis 

Trin)
45.6-80 [141]

<0-2.20 μg/L Inconsistent Field spiny water nymph, spiny naiad and 
holly-leaved naiad (Najas marina)

45.6-80 [141]

1.0–2.0 24 h Field Salviniaceae (Salvinia herzogii) 70–83  [151] 
0.1-1.0 12 d Hydroponic Water fern (Azolla caroliniana) 100 [152] a

0.1-1.0 12 d Hydroponic Water fern (Azolla caroliniana) 74 [152]b

1 15 d Duckweed (L. minor) 96.94 [153] 
1.0–2.0 24 h Hydroponic Water lettuce (Pistia stratiotes) 58–80 [151]

1-10 9 w Hydroponic Water lilies (Nymphaea spontanea) 31.6 [154] 
< 0 – 0.51 Inconsistent Field Poaceae (Phragmites australis 

Cav.)
50–80 [155] 

< 0 – 0.51 Inconsistent Field Sea clubrush, cosmopolitan bulrush, 
alkali bulrush, saltmarsh bulrush, 
and bayonet grass (Bolboschoenus 
maritimus L.)

50–80 [155]

0.04-98 60 d Duckweed (L. minor) 25-77.42 [156] 
10 3 w Hydroponic water-starwort (Callitriche 

cophocarpa Sendtn)
50-80 [157]a

0.25–5.0 14 d Pilot with 
continuous flow

Duckweed (L. minor) 76.4–20.0 [134]a

10.946 7 d Duckweed (L. minor) 99.97 [158] 
10.4 7 d Hydroponic Duckweed (L. minor) 75 [159]
0.776 7 d Field Duckweed (L. minor) 63 [146] 

0-0.20 mM 16 d Duckweed (L. minor) 27.6 [160] 
Phalari arundinacea [161] 

2 15 d Field Water hyacinth (Eichhornia 
crassipes)

99.9 [162]a

67.33 ppb 25 d Duckweed (L. minor) 90.25 [139] 
0-12.39 28 d Field Duckweed (L. minor) 72-91 [148]
0-12.39 28 d Field Water fern (Azolla filiculoides) 90 [148]

Cu 1.95-4.20 μg/L Inconsistent Field Poaceae (Phragmites communis 
Trin)

45.6-80 [141] 

1.95-4.20 μg/L Inconsistent Field spiny water nymph, spiny naiad and 
holly-leaved naiad (Najas marina)

45.6-80  [141]

1-7 4 d Hydroponic Duckweed (L. minor) 77.78 [163] 
1 15 d Hydroponic Duckweed (L. minor) 96.94 [153]

1-7 15 d Hydroponic Mint (Elsholtzia argyi) 50-90 [164] 
1-7 15 d Hydroponic Mint (Elsholtzi splendens) 45-80 [164] 

1.23 – 1.75 Inconsistent Field Poaceae (Phragmites australis 
Cav.)

50–80 [155] 

1.23 – 1.75 Inconsistent Field Sea clubrush, cosmopolitan bulrush, 
alkali bulrush, saltmarsh bulrush, 
and bayonet grass (Bolboschoenus 
maritimus L.)

50–80 [155] 

Table 7. (Continute) 
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Metal Concentration 
Exposure 
duration

Experimental 
framework Plant specie

Removal 
rate (%) References

0.003-10-7 M 7 d Duckweed (L. minor) 86.5 [143] 
0.46 20 d Duckweed (L. minor) 71.4 [165] 
4.359 7 d Duckweed (L. minor) 99.97 [158]

3 7 d Hydroponic Duckweed (L. minor) 40 [159]
1.432 7 d Field Duckweed (L. minor) 86 [146] 

67 μg/L 3 d Duckweed (L. minor) 87 [137] 
0.5 and 0.25 7 d Duckweed (L. minor) 0 [166] 

1-5 4 w Duckweed (L. minor) 90 [167] 
200 μM 3 d Duckweed (L. minor) 20.2 [168]

Vossia cuspidata [169][170] 
2 2 w Duckweed (L. minor) 54.2 [171]

0.05-1.2 5 d Duckweed (L. minor) 83.3 [172] 
0-12.39 28 d Field Duckweed (L. minor) 72-91 [148]

23.84 ppb 25 d Duckweed (L. minor) 98.46 [139] 
0-12.39 28 d Field Water fern (Azolla filiculoides) 80 [148]

0.09-0.73 15 d Field Water hyacinth (Eichhornia 
crassipes)

36.98-
87.09

[173] 

0.08-0.46 15 d Field Water lettuce (Pistia stratiotes) 39.72-
72.58

[173] 

Hg 0.1-1.0 12 d Hydroponic Water fern (Azolla caroliniana) 75-93 [152]
0.04-98 60 d Field Duckweed (L. minor) 25-77.42 [156] 

0.23 20 d Hydroponic Duckweed (L. minor) 66.5 [165] 
0.5 and 0.25 7 d Hydroponic Duckweed (L. minor) 0 [166]

Hydroponic Salix matsudana [160] 
200 μM 3 d Hydroponic Duckweed (L. minor) 20.2 [168]
0-30 μM 6 d Hydroponic Duckweed (L. minor) 58.3 [81] 

Field Limnocharis flava [174] 
0.36 ppb 25 d Hydroponic Duckweed (L. minor) 82.84 [139] 

Ni 1-8 14 d Hydroponic Water Mint (Mentha aquatica L.) 22.3 [175] 
1-8 14 d Hydroponic Water Mint (Mentha sylvestris L.) 17.9 [175]

0.0-10.0 24 h Batch Duckweed (L. minor) 82 [176] 
1.90-17.30 μg/L Inconsistent Field Poaceae (Phragmites communis 

Trin)
45.6-80 [141]

1.90-17.30 μg/L Inconsistent Field spiny water nymph, spiny naiad and 
holly-leaved naiad (Najas marina)

45.6-80 [141] 

1.98 – 4.51 Inconsistent Field Poaceae (Phragmites australis 
Cav.)

50–80 [155] 

1.98 – 4.51 Inconsistent Field Sea clubrush, cosmopolitan bulrush, 
alkali bulrush, saltmarsh bulrush, 
and bayonet grass (Bolboschoenus 
maritimus L.)

50–80 [155] 

0.04-98 60 d Field Duckweed (L. minor) 25-77.42 [156] 
15 10 d Hydroponic Water hyacinth (Eichhornia 

crassipes)
19.54 [177] 

Hydroponic Tagetes erecta [178] 

Table 7. (Continute) 



21Water pollution by heavy metal           Isiuku Beniah Obinna et al

Metal Concentration 
Exposure 
duration

Experimental 
framework Plant specie

Removal 
rate (%) References

0-12.39 28 Field Duckweed (L. minor) 72-91 [148]
0-12.39 28 Field Water fern (Azolla filiculoides) 72-91 [148]

346.81 ppb 25 d Duckweed (L. minor) 98.08 [139] 
Variable 

concentrations
10 d Field Umbrella palm (Cyperus 

alternifolius),
66 [150]

Variable 
concentrations

10 d Field Canna (Canna × generalis) 31 [150]

0.07-1.83 15 d Field Water hyacinth (Eichhornia 
crassipes)

25.68-
81.56

[173] 

0.03-1.36 15 d Field Water lettuce (Pistia stratiotes) 28.96-
68.79

[173] 

Variable 
concentrations

10 d Field Water hyacinth (Eichhornia 
crassipes)

68 [150]

Pb 0.0-10.0 24 h Batch Duckweed (L. minor) 76 [176]
1 15 d Duckweed (L. minor) 98.55 [153]

0.70-4.45 μg/L Inconsistent Field Poaceae (Phragmites communis 
Trin)

45.6-80 [141] 

0.70-4.45  μg/L Inconsistent Field spiny water nymph, spiny naiad and 
holly-leaved naiad (Najas marina)

45.6-80 [141] 

0.1-10.0 24 h Hydroponic Duckweed (L. minor) 58-79 [133]
0.04-98 60 d Field Duckweed (L. minor) 25-77.42 [156]

0.003-10-7 M 7 d Hydroponic Duckweed (L. minor) 93 [143]
0.875 7 d Hydroponic Duckweed (L. minor) 99.97 [158]
0.2 7 d Hydroponic Duckweed (L. minor) 85 [159]

0.655 7 d Field Duckweed (L. minor) 84 [146] 
7.5 μg/L 3 d Field Duckweed (L. minor) 1259 [137] 

10-41 21d Field/peat Cannaceae (Canna indica L.) 81.16 [179]
0.5 and 0.25 7 d Hydroponic Duckweed (L. minor) 0 [166]

200 μM 3 d Hydroponic Duckweed (L. minor) 20.2 [168]
23.37 ppb 25 d Hydroponic Duckweed (L. minor) 99.61 [139] 
0.09-0.86 15 d Field Water hyacinth (Eichhornia 

crassipes)
36.09-
84.41

[173] 

ND-0.55 15 d Field Water lettuce (Pistia stratiotes) 43.02-
76.66

[173] 

Zn 5- 40 12 d Hydroponic Water hyacinth (Eichhornia 
crassipes)

50-90 [142]

1 15 d Field Duckweed (L. minor) 95.20 [153]
< 0 μg/L Inconsistent Field Poaceae (Phragmites communis 

Trin)
45.6-80 [141] 

< 0 μg/L Inconsistent Field spiny water nymph, spiny naiad and 
holly-leaved naiad (Najas marina)

45.6-80 [141] 

< 0– 63.5 Inconsistent Field Poaceae (Phragmites australis 
Cav.)

50–80 [155] 

Inconsistent Field Sea clubrush, cosmopolitan bulrush, 
alkali bulrush, saltmarsh bulrush, 
and bayonet grass (Bolboschoenus 
maritimus L.)

50–80 [155] 

Table 7. (Continute) 
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hyacinth in clean wastewater at Sukinda chromite 
mines (SCM) area of Orissa (India) containing 
high levels of toxic hexavalent chromium (CrVI). 
Results showed that the plant could remove 
99.5% Cr (VI) of the processed water of SCM 
in 15 days. Using hydroponics, they [48] tested 
different levels of Cd (5 to 20 mg L-1) rate by three 
hydrophytes: Gladiolous, Isoetes taiwaneneses 
Dwvol and Echinodorus amazonicus and observed 
highest accumulation in Gladiolous than the other 
two plants. Also, high removal rates following 
phytofiltration were reported for Elsholtzia argyi 
(50-90 %) and Elsholtzi splendens (45-80 %) for 
Cu [164]. Boonyapookana et al [140] observed high 
phytoaccumulation rates (reaching 90 %) for Cd 
and Cr by W. globosa, which correlates positively 
with exposure time and metal concentration were 
increased.  Small water fern (Azolla caroliniana 
Willd.), was investigated for water purification 
potential by [152]. The experiment was conducted 

in 12 days using hydroponic solution polluted by 
Hg and Cr. Initial concentrations were 0.1, 0.5 
and 1.0 mg/L for both metals and day 12, metal 
contents the solution decreased to 0–0.25 mg L-1, 
corresponding between 74 – 100 % removal rates. 
Baldantoni et al [141] studied the leaves and roots 
Phragmites communis Trin. (an emergent plant), 
and Najas marina L. (submerged plant), taken 
from Lake Averno (Naples, Italy) for levels Cd, Cr, 
Cu, Fe, Ni, Pb, Zn and found higher accumulation 
in root than leaves. However, between the two 
plants, Phragmites communis showied high 
capability to accumulate trace metals in the roots 
better than Najas marina [141]. By constructing a 
wetland in the Venice lagoon watershed, they [155] 
investigated the removal efficiency of Phragmites 
australis and Bolboschoenus maritimus in removing 
Cr, Ni, Cu and Zn from water. Investigations were 
conducted over a vegetative season with various 
distances to the inlet point to assess effects on 

Metal Concentration 
Exposure 
duration

Experimental 
framework Plant specie

Removal 
rate (%) References

0.04-98 60 d Field Duckweed (L. minor) 25-77.42 [156]
0.003-10-7 M 7 d Hydroponic Duckweed (L. minor) 63.5 [143] 

0.2-30 7 d Hydroponic Duckweed (L. minor) 75 [180] 
0.816 7 d Field Duckweed (L. minor) 62 [146] 
1-5 4 w Field Duckweed (L. minor) 90 [167] 

730 μg/L 3 d Field Duckweed (L. minor) 628 [137] 
0.5 and 0.25 7 d Hydroponic Duckweed (L. minor) 0 [166] 

200 μM 3 d Hydroponic Duckweed (L. minor) 20.2 [168]

Field Cyperus alternifolius [181] [182]
0-12.39 28 d Field Duckweed (L. minor) 72-91 [148]
0-12.39 28 d Field Water fern (Azolla filiculoides) [148]

Hydroponic Alpine penny-cress (Noccaea 
caerulescens)

[183]

49.59 ppb 25 d Hydroponic Duckweed (L. minor) 98.00 [139] 
0.91-1.67 15 d Field Water hyacinth (Eichhornia 

crassipes)
21.55-
90.18

[173] 

0.26-1.31 15 d Field Water lettuce (Pistia stratiotes) 26.99-
79.57

[173] 

a used Cr6+, b used Cr3+; Concentrations are in (mg/L) unless otherwise noted; d-days, h-hour(s), w-week(s); field: water samples 
treated or plant used was collected from aquatic environment, outdoor experiment or involves a constructed wetland, Hydroponics: 
growing plants in water cultures, or nutrient solution, without soil as a rooting medium; Pilot with continuous flow: wastewater in 
a continuous flow pond system used to simulate a wastewater treatment pond and a natural wetland as habitat for the plants

Table 7. (Continute) 
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vegetation. Results showed that overall heavy 
metal concentrations removed ranged from 50-80 
% and P. australis was a better phytoaccumulator 
to in B. maritimus (accumulating more in roots). 
Using outdoor experiments, capacity examination 
of Salvinia herzogii (Salviniaceae) and Pistia 
stratiotes (water lettuce) to remove Cr (III) from 
water was conducted by [151]. Results from their 
study showed that both plants efficiently removed 
Cr (up 83 % for Salviniaceae and up 80 % for 
water lettuce, Table 7) from water. Furthermore, 
water lettuce was also found by [173] to be very 
effective with maximum removal rate over 15 days 
for Zn (80–90%), Pb (76–84%), Cu (72-87%) and 
Ni (68-81%) respectively from landfill leachates. 
The author reported that the plant exhibited low (< 
1) bioconcentration factor (BCF) and translocation
factor (TF), indicating low transport of heavy
metals from roots to the upper parts of the plant.
Another excellent Cr removal from polluted water
was found in Callitriche cophocarpa (water-
starwort) by [157]. The authors used a hydroponic
culture for up to 3 weeks and reported removal rate
up 80 % (Table 7). Nevena et. al., [179] tested an
ornamental plant C. indica for phytoremediation of
Pb in wastewater.  Removal rates of 81.16 % was
obtained and therefore concluded that C. indica
can be used in rhizofiltration systems or floating
islands for treatment of water polluted with lead
[179]. Most recent studies have used duckweed
more when compared to other plants. Axtell et al
[176] examined the ability of Lemna minor using a
batch process to remove Pb and Ni under different
laboratory conditions. Initial concentrations were
0.0, 5.0, and 10.0 mg/l for Pb, and 0.0, 2.5, and
5.0 mg/l for Ni. Overall, L. minor removed 76%
of Pb and 82% of Ni. They further observed that
there was no synergistic/antagonistic effect for
the multiple metal experiments, in terms of metal
removal [176].  In a continuous flow pond system,
Uysal [134] examined the ability of Lemna minor
to remove Cr (VI) ions from wastewater. The
authors used the system to simulate a wastewater
treatment pond and a natural wetland as habitat for
the plants and reported removal rates between 20

– 76.4 % suggesting the potentiality of the plants
for Cr removal in wastewater. More recently, [150]
studied the uptake of Cd, Cr, Pb, and Zn by four
aquatic plants including umbrella palm (Cyperus
alternifolius), duckweed (Lemna minor), water
hyacinth (Eichhornia crassipes), and canna (Canna
× generalis) in different environments i.e., Gohar
Rood river, Zarjoob river, Eynak lagoon, Anzali
lagoon, and control solution. Results showed
that the highest uptake rates were observed for
duckweed fronds (> 70 %) while highest removal
throughout the study for specific plants was water
hyacinth 68 %, umbrella 66 % and canna 31 %
respectively. Based on the results of their study,
duckweed was suitable for the uptake of most
heavy metals [150].

4.3. Phytoremediation of organic pollutant in 
water
Few aquatic plants have been generally been tested 
recently for removal of aquatic organic pollutant. 
It has been less studied compared to heavy metals 
mainly due to the complex properties (physical and 
chemical) of organic pollutants.  Aquatic organic 
pollutants to have been remediated from aqueous 
solution by aquatic plants using either field and/
or hydroponic experiment include the following: 
chemical and biological oxygen demand (COD and 
BOD), nitrate, phosphate, sulphate; from agricul-
tural chemicals including atrazine, dimethomorph, 
pyrimethanil, Isoproturon, glyphosate, metazach-
lor, chloroacetamide, flazasulfuron, terbuthylazine, 
4-chloro-2-fluorophenol (4-Cl-2-FP), lactofen,
cyanophos, herbicide norflurazon; from phar-
maceuticals and personal care products (PPCPs)
including sucralose, fluoxetine, tyramine, putres-
cine, cadaverine, spermidine, spermine, cefadroxil,
metronidazole, trimethoprim, sulfamethoxazole,
triclosan, diclofenac, naproxen, caffeine, ibupro-
fen, clofibric acid, sulfachlorpyridazine, oxitetra-
cycline, chlorpyrifos, venlafaxine, 3-fluorophe-
nol, 3-trifluoromethylphenol, phenol, ibuprofen,
fluoxetine, cisplatin, linear alkylbenzene sulfonate;
from dyes and toxin including textile dyes (AB113,
RB198, BR46), blue dye, triacontanol, cyanotoxin



24 Analytical Methods in Environmental Chemistry Journal; Vol. 3 (2019)

microcystin-LR., perchlorate, toluidine Blue; and 
from petroleum hydrocarbons including 1H-ben-
zotriazole, 4-methyl-1Hbenzotriazole, 5-methyl-
1Hbenzotriazole, xylytriazole, 5-chlorobenzotri-
azole, 3-trifluoromethylphenol, phenantherene. 
	 Few aquatic plants to have generally been tested 
recently for phytoremediation of aquatic organic 
pollutant include M. spicatum [103, 148, 187]; 
Azolla filiculoides [148], Canna generalis [188], 
Pistia stratiotes L  [131, 173, 189]; Eichornia sp. 
[131, 173, 190, 191]; Lemna sp. [51, 131, 192]; 
Salvinia sp. [131], Chara vulgaris L. [82], H. 
dubia (Bl.) Backer [84], Potamogeton perfoliatus 

L. [85], Hydrilla verticillata (L.f.) Royle [193],
Vallisneria natans (Lour.) Hara [193], giant reed
(Arundo donax) [194], Poaceae (Phragmites
australis) [194], broadleaf plantain (Plantago
major L.) [222] and Ipomoea aquatica [195] while
Myriophyllum aquaticum (watermilfoil) [196]
and bulrush (Scirpus lacustris) [197] have also
been used earlier. For remediation of municipal
effluents, some of these plants in some cases have
been reported to better treat wastewater than normal 
wastewater treatment plant [198] and combination
of two or more plant increased the effectiveness of
removal [199-201]. Domestic as well as industrial

Fig. 5. Structures of some priority and emerging pollutants to have been treated from aqueous solution with aquatic 
plants. Emerging pollutants are mainly from pharmaceutical and personal care products (PPCPs). PPCPs maintain 
chemical properties that can vary widely, usually containing a non-polar core with a polar functional moiety [184-186].
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activities introduced over 70 % organic pollutants 
into the aquatic environment. Bhaskara and 
coworkers [131] evaluated the phytoremediation 
potential of free floating macrophytes (Eichornia, 
Pistia, Salvinia and Lemna) in removing perchlorate 
from water. Among the plants tested, Pistia 
showed 63.8±4% (w/v) removal of 5 mg L-1 level 
perchlorate in 7 days, while other plants showed 
low removal (< 1 %). The mechanism involved 
in removal identified was phytoaccumulation 
(18.2 %) and rhizodegradation (45.68 %).  Phenol 
from wastewater removal by water hyacinth was 
demonstrated [190]. Myriophyllum spicatum 
L., a submerged aquatic plant was tested for the 
accumulation of exogenous organic pollutant linear 
alkylbenzene sulfonate (LAS) [103]. Results showed 
that plant can accumulate LAS concentration of 50-
100 mg/L without showing physiological changes. 
Previous studies conducted by [82], [84] and [85] 
respectively on the uptake LAS by Chara vulgaris 
L., Lemna minor L., H. dubia (Bl.) Backer and 
Potamogeton perfoliatus L. showed the potentiality 
of these plant in removing LAS (anionic surfactant) 
at moderate concentrations from water. Idris et. al., 
[194] evaluated and compared the removal ability
of two emergent macrophytes, giant reed (Arundo
donax) and Poaceae (Phragmites australis),
in experimental subsurface flow, gravel-based
constructed wetlands (CWs). Results showed
that the BOD, total suspended solids (TSS),
total phosphorus (TP), total nitrogen (TN), total
ammoniacal nitrogen (TAN) and nitrate nitrogen
(NO3) removal in the A. donax and P. australis beds
was 94%, 67%, 96%, 97%, 99.6%, and effectively
100% and 95%, 87%, 95%, 98%, 99.7%, and
effectively 100%, respectively, with no significant
difference in performance between the two aquatic
plants. Tran et. al., [188] using Canna generalis
(a common reed and easy to grow plant both in
water and wet land conditions) to remove organic
pollutants such as BOD5, TSS, NH4-N and PO4-P
from wastewater in two kinds of hybrid constructed
wetlands viz Facultative pond combined with free
watersub-surface constructed wetlands system and
horizontal subsurface flow combined with Aerobic

pond system. Results showed that the ponds played 
an important role in the hybrid system performance 
and enhanced the performance of constructed 
wetlands. The pollutant removal efficiencies of 
the hybrid systems were all higher than the single 
constructed wetlands. The BOD5, TSS, NH4-N 
and PO4-P removal efficiencies averaged 81%, 
85%, 93% and 77%, respectively for the hybrid 
horizontal subsurface flow constructed wetlands 
system operated at a hydraulic loading rate of 
0.075 m/day, while they were 89%, 97%, 97%, 
and 68%, respectively for the hybrid free water 
sub-surface constructed wetlands system operated 
at a hydraulic loading rate of 0.1 m/day. Yilmaz 
and Akbulut [199] reported a removal rate of 
79 to 83% of BOD in effluent by Lemna gibba. 
Also, a removal rate of 94, 72, 63, 82, 82 and 82 
% respectively for biochemical oxygen demand, 
ammonia, total suspended solids, total nitrogen, 
ammonium nitrate, and phosphate by duckweed 
in effluent was reported [57]. Blue dye and textile 
dyes were removed at a rate of 59.6 % and 10-96 
% respectively by L. minor, indicating the plant 
can be very useful in textile industries to remediate 
effluents [203, 204], supported in further study by 
Neag et al. [205] using Toluidine Blue dye. The 
usefulness of duckweed for phytoremediation 
of wide range of organic pollutants has been 
extensively reviewed recently (see ref [57]). The 
review covers the state of duckweed application 
for the remediation of diverse aquatic pollutants 
including organic pollutants. The removal of diverse 
organic pollutants from aqueous solutions has 
been well demonstrated in many studies reviewed. 
Unfortunately, to the best of our knowledge, studies 
concerning the removal of POPs such as PCB and 
OCPs from aqueous solution are lacking. 

5. Chemometrics for aquatic phytoremedia-
tion
The science of relating chemical data from
chemical processes to state of system by applying
mathematical or statistical methods/models
is considered chemometrics [6]. It captures
relationships between system variables and widely
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used in environmental analytical research [6, 207]. 
Information from models is viewed as simplified 
concepts of environmental issues. Thereby 
making for easy understanding by policy makers, 
this way decisions on environmental issues are 
quickly arrived at [19, 21, 207-209]. Overall, in 
phytoremediation studies, chemometric models 
are used to assess plant performance after the 
experimental period. Commonly used models 
includes; Growth rate (GR), Growth rate inhibition 
(% Inhibition), Metal uptake (MU), translocation/
transfer factor (TF), bioconcentration factor (BCF), 
Percent metal uptake (% MU), Removal capacity 
(RC) and Toxicity index (TI). These models are 
repeatedly used in aquatic phytoremediation studies 
of metals in aqueous medium [44, 48, 137, 139, 
141, 146, 155-158, 165-168, 171-173, 175-177, 
210-211] and can also be used in organic pollutant
remediation studies. Growth rate (GR) value is an
important index for predicting growth trends of
plants used for remediation. GR is also referred to
as relative growth rate (RGR). It was proposed by
Fisher [212] and calculated using either equation
(1) or (2), where DBAH (g) and DBBP (g) are the
dry biomass after and before harvest, respectively, 
while TAH (days) and TBP (days) are the planting 
periods after and before harvest, measured over the 
study period. RGR stands for the relative growth 
rate (mg/g/d); ln(m1): logarithm of the final dry 
mass (g); ln(m0): logarithm of the initial dry mass 
(g); t0: initial time (d); t1: final time (d).

           (1)

   (2)

The tolerance index (TI) was proposed by Wilkins 
[213]. It provides information regarding the 
tolerance of the plant to metal contamination in 
the solution; calculated using equation (3) as the 
ratio of growth rate of the plant in the solution 
contaminated to growth rate of the plant in the 
uncontaminated control solution.  In the equation, 

RGR is the growth rate of the plant in the solution 
contaminated while RGRc is the growth rate of the 
plant in the control solution, without contamination.

           (3)

	 Metal uptake (MU) shows the metal content 
in whole plant tissue or in a selected plant part; 
moreover, MU can be calculated by using equation 
(4): where Cmetal (mg /kg or mg/L or any acceptable 
units) is the metal concentration in the plant tissue, 
and DB (g) is the dry biomass of the plant.

           (4)

	 The TF shows the efficiency of the plant to 
transport an element from the root to the shoot; 
and the BCF allows for evaluating the efficiency 
of the plant in accumulating the chemical element, 
taking into account its concentration in the medium 
or simply the ratio of concentrations of each metal 
in the roots to those in the water. Both the TF and 
BCF can be estimated according to equations (5) 
and (6) respectively [44, 211].

(5)

 (6)

      The potential for metal uptake in plant tissue is 
shown by percent metal uptake (% MU); the uptake 
also corresponds with reduced metal concentration 
in solution. In addition, it can be calculated using 
Equation 7, where Ci and Cf are the initial and final 
metal concentrations in solution respectively. 

(7)

	 Removal capacity (RC) indicates the potential 
of plants for removing metal from solution over 
an entire study period and can be calculated using 
Equation 8; where RC is the removal capacity (mg/
d/g), Ci and Cf remains as in Equation 6, V is the 
liquid volume (L), D (days) is the days, and B (g) is 
the mean dry biomass [49].

(8)
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	 Growth rate inhibition (% Inhibition) shows the 
extent of inhibition to growth of plant caused by 
the contaminant.  % Inhibition can be calculated 
according equation (9), where variables remain the 
same as in equation (3).

(9)

	 Rhizofiltration potential (RP) is based on 
adsorbed heavy metals by the aqueous system 
and inform on the performance of the plant to 
accumulate or remediate contaminants using roots. 
RP is calculated as equation (10), where, C is 
concentration of heavy metal; Cleaves is concentration 
of heavy metal in leaves; Croots is concentration of 
heavy metal in roots; M is dry biomass yield, Mtotal 
is leaves and root biomass yield (g DW/m2/yr), 
Mplant is the mean of plant yield (g DW/m2/yr), Mroot 
is the mean of root biomass yield (g DW/m2/yr), 
Mleaves is the mean of leaves biomass yield (g DW/
m2/yr) (Rezania et al., 2016).

(10)

	 However, in a batch or continuous flow system, 
the accumulation or absorption may be studied 
by using different sorption kinetics and isotherms 
models such as pseudo-first-order (PFO), pseudo-
second-order (PSO), Freundlich, Langmuir and 
Temkin. Some of the models have significant 
limitations e.g PFO and PSO models, which only 
considers adsorption step on the active sites and 
predicts the internal diffusion while ignoring 
the external diffusion. In the use of Freundlich 
and Langmuir isotherms models, assumption is 
made that there is a local equilibrium between the 
contaminated aqueous medium and contaminant, an 
assumption that may be misleading [221]. However, 
they have been widely used in absorption studies 
[215-217] and recently used in phytoremediation 
studies [188, 205, 218-219]. The pseudo-first order 
kinetic equation and pseudo second order kinetic 
equation simply indicates if the reaction is more 
inclined towards physisorption or chemisorptions 

depending on the closeness of regression coefficient 
value (r2) to unity (1). Furthermore, they represent 
the degradation rate of pollutants in the biological 
treatment system [188]. The kinetic equation for 
the pseudo-first order and pseudo second order can 
be calculated respectively following Equations 11 
and 12: where Ce is the outflow concentration of 
metal at t day (d); Ci is the initial concentration of 
metal: and k is the first-order removal rate constant.

         (11)

(12)

	 Langmuir adsorption equation is the very 
ubiqutes linear model for monolayer adsorption, 
and it is used to assess the adsorption process. 
Langmuir model can be calculated using Equation 
13: where qL is the quantity of metal adsorbed 
per unit weight of sorbent (in this case, plant) and 
Ce is unadsorbed or outflow metal concentration 
remaining in water. Q corresponds to the maximum 
quantity of metal adsorbed per unit dry weight of 
the plant to form a complete monolayer on the 
surface and k is a constant associated with affinity 
of the binding site.

(13)

	 Freundlich model explained adsorption onto 
a heterogeneous surface [219] as in Equation 
14: where, Ce refers to solution equilibrium 
concentration (mg L-1), q is the adsorption capacity 
(concentration of metal on adsorbing substrate, 
mg/kg), and k and (1/n) are constants connected to 
adsorption capacity.

 (14)

	 Temkin isotherm model corresponds to a factor 
which is associated with explicitly taking into the 
account of sorbent-adsorbate interactions. Temkin 
model is given in Equation 15: where, q is the 
metal concentrations in the plant biomass (mg/
kg), Ce corresponds to metal concentration (mg/L) 
remaining in outflow, B and kt are the constant 
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related to adsorption process [219].
(15)

	 The removal efficiency (RE %) of dye from 
aqueous solution in a batch study can be studied 
by equation (16) while the amount of dye in the 
plant phase can be calculated using equation (17); 
where qe is the amount of dye adsorbed per gram of 
adsorbent at equilibrium (mg/g), C0 and Ce are the 
initial and equilibrium concentrations of the dye in 
solution (mg/L); V is the volume of solution (mL); 
m is the weight of the adsorbent (plant) (g) [205].

6. Conclusion, Knowledge gap, and Future
Areas of Research
Water resources management and protection from
toxic chemicals pollution due to anthropogenic
activities is of critical concern to scientist,
governmental and non-governmental organizations
and the general public. Phytoremediation is largely
accepted and desirable to several conventional
methods for the treatments of water pollution.
Many aquatic plants (emerging, submerged or free
flowing) have been applied extensively recently
and mostly conducted using hydroponics or field
experiment by constructed wetlands. Results from
literature reviewed have generally established the
effectiveness in remediating organic pollutants and
heavy metals by aquatic plants, although heavy
metals have been extensively studied than organic
pollutants. Most commonly used plant include;
duckweed (L. minor), water hyacinth (Eichhornia
crassipes) and water lettuce (P. stratiotes), due
to their ubiquitous nature, invasive mechanism,
sporadic reproductive capacity, bioaccumulation
potentials and resilience in polluted environment
[57]. Heavy metals consider as water pulltant and
must be removal from waters and reviers [223-226].  
However, the removal rates are varied and mainly
controlled by the physicochemical properties of the
water, contaminants, plant and the experimental
framework. Using modeling and interpretation of
adsorption isotherms for performance assessment
is particularly good and increases level of
accuracy obtained from adsorption processes of

contaminant on plant. Despite the promising efforts 
so far, there are still limitations in certain areas to 
demonstrate the effectiveness of the aquatic plant 
in phytoremediation of chemical pollutants. 

7. Knowledge gap and Future Areas of
Research
(1) A need is there for studying the plant in the
face of emerging chemicals (e.g polychlorinated
dibenzo-p-dioxins and polychlorinated dibenzo-
furans (PCDD/Fs) etc) which defy conventional
remediation approaches for establishing accept-
able remediation strategies and ecological bench-
mark for improvement of constructed wetlands for
wastewater effluents treatment [57]. Some other
priority organic pollutants such as 1,2,3-trichloro-
benzene, pyrene, 1,3-Dinitrobenzene, lindane, and
2,4-Dinitrotoluene have been removed in terrestrial
environment by terrestrial plant [220] while stud-
ies are lacking for their removal in aquatic envi-
ronment. Therefore, there is need for an extensive
study of aquatic plant for removal of these types
of organic pollutants. (3) More studies are required
to understand better the precise transfer pathways
of pollutants and their temporal pattern, in order to
pinpoint toxicity more precisely in aquatic plants.
Such studies will generate an improved under-
standing which will help in controlling cumulative
toxic effects of pollutants on plants and enhancing
the role of aquatic plants as a vital ecological based
bioremediation agent for water pollution.
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cardiovascular, CNS, Liver, renal, and others, may 
be lead to dangers acute and chronic disease such as, 
cancer and multiple sclerosis [2-5]. So heavy metals 
enter to human body and cause many problem with 
adverse health effects [6]. Heavy metals have a 
normal range in environment (air, soil, water), but 
industrial activity increase their concentrations 
in the environment matrix and humans [7]. The 
Pb(II) was widely used in industrial processes 
and has highly toxic effect in humans as a major 
environmental pollutant [8]. In battery factory, the 
lead exposure is still the main subject in the human 
workplace and occupational health but some 

Separation and determination of lead in human urine and water samples 
based on thiol functionalized mesoporous silica nanoparticles packed 

on cartridges by micro column fast micro solid-phase extraction

1. Introduction
Heavy metals such as; arsenic (As), lead 
(Pb), Cobalt (Co), chromium (Cr) and mercury 
(Hg) and  nickel (Ni) with densities about 5 gram per 
cubic centimeter are called heavy metals. Natural 
and human sources of heavy metals are  mineral 
resources development, metal processing and 
 smelting, petrochemical company, factory 
emissions, and sewage irrigation [1]. Exposure to 
heavy metals especially mercury caused to different 
disease in humans. For example, disorders of the 
Corresponding Author: Baharak Bahrami Yarahmadi, 
Email: baharakb72@gmail.com
https://doi.org/10.24200/amecj.v2.i03.72

A R T I C L E   I N F O:
Received 3 Jul 2019
Revised form 24 Aug 2019
Accepted 5 Sep 2019
Available online 20 Sep 2019

Keywords:
Lead, Human sample, 
Thiol-mesoporous silica 

nanoparticles,
Packed column micro solid phase 

extraction, 
Electrothermal atomic absorption 

spectrometry

A B S T R A C T
An efficient method based on thiol functionalized mesoporous 
silica nanoparticles (HS-MSNPs) was used for extraction of lead 
ions (PbII) from urine and water samples by packed column 
micro solid phase extraction (PC-MSPE). By procedure, 15 mg of  
HS-MSNPs packed in syringe cartridges (SC, 5mL) with cellulose 
membrane and pH adjusting at 5.5-6.5.  Then, the lead of urine and 
water sample was efficiently extracted on HS-MSNPs after pushing 
the plunger of a syringe. Finally, the Pb (II) was back-extracted 
with inorganic acid solution and the remained solution determined 
by electrothermal atomic absorption spectrometry (ET-AAS). By 
optimization conditions, the enrichment factor, LOD, linear range 
and RSD% was obtained 24.8, 0.04 μg L-1, 0.12-5.5 μg L-1 and less 
than 5%, respectively for 5 mL of urine samples. The validation was 
confirmed by spiking of real samples and using certified reference 
material (CRM, NIST) in water and urine sample.
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protective instruments used to reduce the emission 
of lead [9-11]. Lead is used for pipe, instruments 
and medical device as a resistant to corrosion and 
X-ray. The lead with melting point of 327 °C and
evaporation pressure out 1.77 mmHg was used
in industrial process with different application
such as, battery, ceramic, balls, rubber, crystals,
and pesticide [12]. The international agency for
research on cancer (IARC) reported, the inorganic
and organic lead caused to carcinogenic effect in
humans [7, 12, 13]. Also, the half-life of Pb in blood, 
soft tissue and bone was obtained about 35 days,
50 days and 20 years, respectively [6, 14, 15]. The
previously papers showed that, the lead poisoning
has adverse health effects in human systems and
acute and chronic exposure caused to disorder in
cardiovascular, digestive, and nervous systems
[12]. Car exhausts, contaminated food, industrial
emission, and air and soil pollution could be a
good example of lead exposure by skin, inhalation
or ingestion. Symptoms of lead toxicity included,
abdominal pain, anorexia, tremor, CNS problem,
MS, constipation, myalgia, irritability, and anemia.
Lead poisoning can be caused an acute abdominal
pain [16, 17]. The toxicity of lead evaluates in the
blood, hair, urine, and stool samples by ET-AAS
or ICP instruments. Lead can be excreted in urine
by the renal, so, nephrotoxicity was occurred in
both acute and chronic exposure of lead in adults
and children’s. The nephrotoxic effects of lead
has been observing at high blood concentrations
1.93 -2.42 μmol L-1 (40-50 μg dL-1) [15, 18]. The
various methods was used for determination lead
in different matrix samples [13, 19]. The most
well-known methods are; flame atomic absorption
spectrometry (FAAS) [20], graphite furnace atomic
absorption spectrometry (GFAAS) [21], inductively 
coupled plasma-optical emission spectrometry
(ICP-OES) [13], and inductively coupled plasma-
mass spectrometry (ICP-MS) [22]. Due to the
low concentration of lead in biological matrix,
interferences ions and difficulty analysis of lead,
a sample preparation step before the determination
process is necessary [23, 24].  Liquid-liquid
extraction/micro extraction(LLE/LLME) [25], co-

precipitation [26], cloud point extraction(CPE) 
[27], and solid-phase extraction/micro solid-phase 
extraction (SPE&MSPE) [28] are the most effective 
pre-concentration procedures. Also, different 
sorbets were evaluated for SPE methods. Recently, 
nanosorbents as favorite sorbent was considered 
for extraction heavy metals in water and human 
samples [29]. As reliable analytical performance 
for metal adsorption /determination, a variety of 
nanomaterials include; modified macromolecules 
[28], carbon nanotubes [30], magnetic materials 
[31], mesoporous materials [32], and ion-imprinted 
polymers [33], ferric oxide [34], titanium oxide 
[35], manganese oxide [36], and aluminum oxide 
[37] have been used in SPE. Nanomaterials with
high surface area, high adsorption, usability, good
recovery, low time extraction are candidate for
SPE analytical approach[13]. Some advantages
such as high sensitivity, low sample requirement,
low solvent consumption, simplicity, and easy
automation, Solid-phase micro extraction (SPME)
as successful technique has been used for extraction
metals from liquid phase [38]. Other nanomaterials
include; polymer nanoparticles, nanocarbon,
nanozeolites, functionalized nanomaterials and
mesoporous silica nanoparticles was used as
efficient sorbent  for extraction heavy metals  by
SPE or MSPE [39]. Due to  excellent dispensability
and high adsorption capacity with large specific
surface area, mesoporous silica based on monolithic 
column have attracted by SPE/SPME procedure
[40]. For analyzing heavy metals based on SPE
method, various functionalized mesoporous silica
with thiol, amine, phosphonate, etc. have been used. 
Recently, the syringe-based SPE device containing
thiol and amine functionalized mesoporous silica
was used for the simultaneous uptake of As(III) and
As(V) in liquid samples [38, 40]. In this work, lead
in urine and waters were extracted based on HS-
MSNPs by PC-MSPE technique before determined
by ET-AAS. By proposed method, HS-MSNPs as
an adsorbent were validated by CRM. The thiol
functionalized MSNPs was used as complexing
agent for extraction of lead from samples. The
chemical bonding of HS-MSNPs was occurred
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based on the thiol-lead bonding by sorbent in liquid 
phase.  

2. Material and method
2.1. Apparatus and Reagents
The ultra-pure reagents such as, sodium
hydroxide (NaOH), hydrogen peroxide (H2O2),
inorganic and organic acids( H2SO4, HNO3, HCl,
CH3COOH), T-ethoxysilane (TEOS, CAS N:
800-6580025), Triethanolamine hydrochloride
(TEAH3, HOCH2CH2)3N , HCl, CAS N: 102-
71-6), hexadecyltrimethylammonium bromide
as ammonium surfactant; (CTAB, C19H42BrN ,
N: 57-09-0),  sodium hydroxide, lead nitrate salt
(CAS number: 10099-74-8) and - 3-Triethoxysilyl-
1-propanethiol (C9H22SO3Si, CAS N: 14814-
09-6) was purchased from Sigma Aldrich
(Darmstadt,Germany). Sodium silicate solution
(Na2O(SiO2)x · xH2O , N: 338443, Sigma Germany), 
pure ethanol solution  and acetone were prepared
from Merck(Germany). The standard solution of
Pb(II) was prepared from the lead chloride [liquid
of  Pb Cl2] as 1 g L-1 solution in HCl 1%. The micro
gram concentrations of Pb Cl2 were prepared
daily by dilution HCl. For evaluation of the purity
of HS─ MSNPs, toxic metals such mercury; lead
determined by ET-AAS.  The pH of samples was
adjusted by buffer solutions. The CH3COONa/
CH3COOH and ammonium buffer solutions were
selected for pH of 3-7and 7.5-10. The results were
obtained by electrothermal atomic absorption
spectrometer (GBC, ET-AAS, Australia). A

deuterium background correction lamp (UV) and 
hollow cathode lamp with 5 mA and a wavelength 
of 283.3 nm was adjusted. The pH of samples was 
determined by pH meter of Metrohm, Germany. 

2.2. Synthesis of thiol functionalized MSNPs
In a typical synthesis, tri-ethoxysilane was added 
to predetermine amounts of Triethanolamine 
hydrochloride. The solution was heated up to 140 
°C under vigorous stirring. After cooling down to 
90 °C, CTAB was added to this solution. The final 
molar compositions of the reactants were 1.0 TEOS: 
3.5 TEAH3: 0.25 CTAB: 90 H2O [41-43]. For thiol 
functionalization of calcined MSNPs, 1.4 g of 3- 
mercaptopropyltriethoxysilane (C9H22SO3Si) and 
1.5 g of calcined MSNPs in presence of toluene, 
were refluxed for 24 h and then washed with DW. 
The obtained thiol functionalized MSNPs (HS- 
MSNPs was dried at 75oC.

2.3. Characterization
The scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) was 
used for morphology and size morphology of the 
HS-MSNPs by Philips Co., Netherland (model 
PW3710 & model CM30) (Fig. 1a and b). The 
elemental analyzer was used for determination 
of elemental composition ratio H/C, N/C, S/C or 
C/N (GBC, AUS). X-ray diffraction (XRD) peak 
of HS-MSNPs and MSNPs were obtained with 
by wavelength 0.15 nm (Fig. 2) (Seifert TT 3000, 
Germany). Functional groups of SH on MSNPs

Fig. 1. (a)SEM of HS-MSNPs and (b) TEM of HS-MSNPs
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as HS-MSNPs material were analyzed by FTIR 
in Waveland between 300 cm−1 to 4000 cm−1 (Fig. 
3). The HS band was showed in Waveland of 2500 
cm−1 (Germany).

2.4. General procedure
The packed column micro solid phase extraction 
(PC-MSPE) was used for separation and 
preconcentration of Pb(II) ions in human urine, 
standard solution  and water samples. First, 5 mL 

of the lead standard solution containing 0.1 -5.5 
μg L−1 as a LLOQ and ULOQ was used and pH 
adjusted up to 6 by buffer solution. After optimized 
pH, the standard and urine samples directly 
transferred to in 5 mL of syringe cartridges with 
cellulose membrane which was already packed 
with 15 mg of HS-MSNPs and MSNPs as a 
sandwich form between membranes manually. The 
syringe cartridges (SC) included packed sorbent 
in cellulose membrane (PSCM) was used as solid 

Fig. 2. The XRD of HS-MSNPs

Fig. 3.   FT-IR spectra patterns HS-MSNPs in 2500 cm−1
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phased for extraction Pb (II) from liquid phase by 
PC-MSPE. Then the urine and standard samples 
were fast extracted through PSCM of HS-MSNPs 
with pushing the plunger and the solid/liquid 
phases were separated.  The Pb(II) ions 
chemically and physically absorbed on HS-
MSNPs in PSCM. Finally, Pb(II) ions retained on 
the HS-MSNPs were eluted by passing 0.2 mL of 
nitric acid (0.3 mol L−1) through the SC and the 
concentration of lead ions in the eluent was 
determined by ET- AAS (Fig. 4).The  project  
approved  by  the  ethical committee  of K.U.M.S. 
(Ethical Code:IR.KMU.REC. 1398. 453)

3. Results and Discussion
3.1. The pH optimization
The pH is one of the most important parameters
which were affected on lead extraction by PC-
MSPE procedure. The effect of urine and standard
pH on the extraction of Pb (II) by HS-MSNPs
and MSNPs has investigated from pH of 1-12
containing 0.1-5.5 µg L-1 of lead ions by PC-MSPE
method. Also, the extraction Pb ions in human
urine sample were investigated in human pH. The
results showed us, the extraction efficiencies of Pb
(II) in urine samples were increased in pH from 5.5
to 6.5. The maximum recoveries were achieved in
optimized pH (more than 97%) and decreased in
5.5 > pH > 6.5.  So, the pH of 6.0 was selected as
optimized pH for Pb extraction in urine and water
samples. Furthermore, the Pb(II) and other metals
was more extracted by extra mass (50 mg) of HS-

MSNPs as physically adsorption simultaneity.  In 
optimized conditions, the mean extraction of Pb 
was obtained less than 98.7% and 34.6% by 15 
mg of HS-MSNPs and MSNPs, respectively at 
pH=6. The extraction mechanism of Pb ions on 
the HS-MSNPs is mainly based on the electrostatic 
attractions of deprotonated sulfur of thiol groups 
with the positively charged Pb ions. 

3.2. The mass optimization
For optimization of proposed method, the amounts 
(mg) of HS-MSNPs and MSNPs in the range of 1 
to 30 mg were studied for extraction of 0.1-5.5 µg 
L-1 of Pb(II) in human urine and water samples.
The results showed us, more than 12.5 mg of HS-
MSNPs had good extraction recovery for Pb(II)
in standard samples. So, 15 mg of HS-MSNPs
was used as optimized amount of HS-MSNPs by
PC-MSPE method (Fig. 6). More than 15 mg of
HS-MSNPs got no significant extraction on the
recovery of lead urine and water samples. For
15 mg of MSNPs, the extraction recovery was
obtained less than 35% at pH=6 and was increased
up to 44.4 % at pH=3.

3. 3. The sample volume optimization
The sample volume effected on the recovery of
Pb(II) ions based on PC-MSPE in standard and
human urine samples. So, the sample volume was
evaluated from 1-20 mL in optimized conditions.

Fig. 4. The general procedure for lead extraction by PC-MSPE
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The results showed us, the quantitative extraction 
was achieved less than 5 mL sample by 0.1 – 2.5 µg 
L−1 of Pb as LLOQ and ULOQ range (≈97%). The 
extraction recovery was reduced more than 8 m and 
10 mL of sample volume for urine and standard/
water samples, respectively. As normal range of 
Pb in urine and waters (TLVs) a syringe cartridges 
(SC) of 5 mL were used for urine and water samples 
(Fig. 7).

3. 4. Adsorption capacity and separation time
In the batch system, the adsorption capacity (AC)
of HS-MSNPs and MSNPs for lead extraction was
calculated by ET-AAS. The adsorption capacity of
Pb (II) was investigated for 5 mL of human urine
sample and standard solution at pH=6 (15 mg
HS-MSNPs and MSNPs). The pH was adjusted
by using buffer solution and after shaking of SC,
lead ions chemically and physically absorbed on
sorbents. The residual solutions were determined

Fig. 5. The effect of pH on lead extraction by HS-MSNPs and MSNPs 

Fig. 6. The effect of mass of HS-MSNP on lead extraction by PC-MSPE method
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by ET-AAS. The adsorption capacity of HS-MSNPs 
and MSNPs for Pb ions was 186.3 mg g-1 and 
64.8 mg g-1, respectively.  The results showed, the 
recovery of HS-MSNPs was higher than MSNPs 
as characterization and chemical bonding. So, the 
HS-MSNPs were used as excellent sorbent for 
extraction of Pb (II) in this study. Also separation 
time for extraction of lead ions was investigated 
between 2 min to 10 min. The result showed 
that, 4.5 min was an optimum time for excellent 
recovery. This time was controlled by pushing the 
plunger.

3. 5. Back extraction process
The maximum recovery for lead extraction was
carried out in optimum conditions. The lead was
back extracted from HS-MSNPs by different
concentration of inorganic and organic acids
such as HNO3, HCl, CH3COOH and H2SO4. The
chemical adsorption between HS-MSNPs and Pb
ions was dissociated at acidic pH. For optimizing,
0.1-0.5 mL of acids with different concentration
from 0.1- 0.5 mol L-1 was studied. Based on results,
0.2 mL of HNO3 (0.3 mol L-1) had good recovery
(Fig. 8).

3. 6. Interference study
By PC-MSPE method, the interference of coexisting 

ions (cations and anions)such as; SO4
2-, Cl-, Br-, 

NO3
-, CO3

2-, Cd2+, AS3+, Hg2+, Ag+,  Co2+, CU 2+, 
Zn2+,Mn2+, V3+, Al3+ and Ni2+ in water and urine 
samples was studied. So, different concentration of 
coexisting ions (1─5 mg L-1) was added to 5 mL of 
standard sample solution with lead concentration of 
5.5 μg L-1. Based on results, the most concomitant 
ions cannot effect on extraction of Pb in samples. 
The mean of concentration ratio of above coexisting 
ions per lead was less than 500. Therefore, the Pb 
ions in urine samples were efficiently extracted 
with HS-MSNPs in present of coexisting ions (less 
than 5%). 

3.7. Discussion
Mortada et al investigated the pre-concentration of 
Pb2+ from blood and urine samples with mesoporous 
strontium titanate nanoparticles and determined 
the samples by FAAS. The characterization was 
obtained by FT-IR, XRD, SEM-EDX, and TEM. 
In optimized conditions, the pH, shaking time, 
mass sorbent and adsorption capacity was achieved 
at 6, 20 min, 50 mg and 155.6 mg g−1 which was 
lower than PC-MSPE procedure in this study. The 
limit of detection and relative standard deviation 
was 1.75 μg L−1 and 2.5%, respectively which was 
higher than our proposed method by HS-MSNPs 
(LOD=0.04 μg L-1, 2.2 %)[44]. In another research, 

Fig. 7. The effect sample volume on lead extraction in water and urine samples
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Behbahani et al used the method of solvent-assisted 
dispersive solid-phase extraction (SA-DSPE) to 
determine lead in fruit and water samples. After 
lead extraction the samples was determined by 
flame atomic absorption spectrophotometer 
(F-AAS). Based on results, LOD =1.2 μg L−1 was 
obtained as compared to lower LOD (0.04 μg 
L-1) by PC-MSPE method [45]. Kakavandi et
al, reported ultrasonic assisted-dispersive solid-
phase extraction based on ion-imprinted polymer
(UA-DSPE-IIP) nanoparticles as a selective
extraction for lead ions. Box-Behnken design
(BBD) was used for the optimization of sorption
and desorption steps in UA-DSPE-IIP. Under the
optimized conditions, the limit of detection and
relative standard deviation for the detection of
lead ions by UA-DSPE-IIP was found to be 0.7
μg L−1 and <4%, respectively which was higher
than proposed method based on HS-MSNPs by
PC-MSPE method [46]. Also, a magnetic sorbent
(MoS2-Fe3O4) based on dispersive solid-phase
microextraction (DSPME) was used for separation
Pb(II) and copper(II) ions from water samples by
Soylak. LODs and RSD of 3.3 μg·L−1, 4.9 for Pb(II)
and of 1.8 μg·L−1, 1.5% for Cu(II), was achieved
by F-AAS. So, PC-MSPE method had better results
as compared to MoS2-Fe3O4 sorbent [47]. Jiamei

at al showed mesoporous silica-grafted graphene 
oxide (GO-SBA-15) as sorbent and packed it in 
an SPE microcolumn with solution-cathode glow 
discharge-atomic emission spectrometry (SCGD-
AES) method. The detection limit (DL) of Pb(II) 
was calculated to be 0.91 μg L− 1 which was 
higher than PC-MSPE procedure [48]. Shahad 
et al used mesoporous silica with nanospheres 
as a substrate and the organic ligand of 2,5-di 
mercapto-1,3,4-thiadiazole, for lead removal from 
wastewater with LOD of 0.48 µg L-1 and adsorption 
capacity of 67.20 mg g-1[49]. sobhi et al suggested 
ultrasonic-assisted dispersive micro-solid phase 
extraction (d-μSPE) method with GF-AAS for 
measuring of lead in water and urine samples by 
silica-based amino-tagged nano sorbent (MCM-
41@NH2. The result showed that linear range, 
RSD and recovery was obtained 0.1–1.0 μg L-1, 
4.8–9.2% and 92–110%, respectively.  The wide 
linear range and lower RSD was achieved for PC-
MSPE as compared to d-μSPE method [50]. Amiri 
et al synthesized magnetic natural clinoptilolite 
(CP for simultaneous determination of lead (II) 
and cadmium (II) ions by FAAS. The limit of 
detection (LOD) using this method were found to 
be 0.93[51]. Raoof et al use the graphene oxide-
soluble eggshell membrane protein (GO-SEP) 

Fig. 8. The effect acids on lead extraction with HS-MSNPs
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by inductively coupled plasma-optical emission 
spectrometry (ICP-OES). The GO-SEP-ICP-OES 
with LOD of 0.1 µg.L−1 was equal to PC-MSPE 
method [52]. Baile et al used magnetic dispersive 
solid-phase microextraction (MDSPME) method, 
based on ZSM-5 zeolite decorated with iron oxide 
magnetic nanoparticles (i.e., ZSM-5/Fe2O3) for 
the simultaneous separation and preconcentration 
of cadmium (Cd), mercury (Hg) and lead (Pb) from 
urine [53]. 

3.8. Validation of procedure
A novel method based on HS-MSNPs was 
applied for lead extraction for 5 mL of urine and 

water samples by PC-MSPE.  For validation, real 
samples (water and urine) were spiked by standard 
lead samples in different concentration from LLOQ 
to ULOQ. The method was approved with good 
precision and accuracy results with low RSD% 
(Table 1). Also, the proposed method was validated 
by power instrumental analysis (ICP-MS) as 
compared to PC-MSPE procedure (Table 2). The 
certified reference material (CRM, NIST) in water 
and wastewater samples were used for validating 
of results by PC-MSPE method. Experimental 
results of the CRM sample were satisfactorily 
confirmed the certified values of lead (Table 3). 
The recoveries of spiked water and urine samples 

Table 2. Comparing of PC-MSPE method with ICPMS for lead determination 

Sample Added ICP-MS PC-MSPE
ICP-MS 

Recovery%
PC-MSPE 

Recovery%

Urine
------ 1.82 ± 0.04 1.78 ± 0.09 ------ ------
2.0 3.79 ± 0.05 3.69 ± 0.21 98.5 95.5

Water
------ 0.73 ± 0.02 0..68 ± 0.03 ------ ------
0.5 1.21± 0.03 1.19 ± 0.05 96.0 102.0

* Mean of three determinations ± confidence interval (P = 0.95, n =10). 

Table 3. Validation methodology by Sigma CRM and ICP-MS for PC-MSPE method
CRM sample ICP-MS CRM (μg/L) *Found(μg L-1) Recovery%

*ERMCA713 4.92 ± 0.12 4.97 ± 0.17 4.88 ± 2.4 98.2
1640a 1.19 ± 0.02 1.21 ± 0.02 1.23± 0.06 101.6
Urine 2.07 ± 0.09 ------ 1.98 ± 0.09 95.6
Drinking water 0.51± 0.01 ------ 0.49± 0.03 96.2

*Mean of three determinations ± confidence interval (P = 0.95, n =10)
a Sigma Aldrich, Cat. No. ERMCA713, lead in wastewater diluted up to 10.
b NIST SRM 1640a, lead in water, diluted up to 10.

Table 1. Validation of PC-MSPE method based on spike of lead standard concentration 

Sample Added (μg L-1) *Found(μg L-1) Recovery%

Urine A
------ 2.34 ±  0.09 ------
2.0 4.28 ±  0.17 97

Urine B
------ 1.02± 0.04 ------
1.0 1.97± 0.11 95

Well Water 
------ 0.46 ± 0.02 ------
0.5 0.97± 0.05 102

a Wastewater 
------ 2.16 ± 0.12 ------
2.0 4.14± 0.18 99

* Mean of three determinations ± confidence interval (P = 0.95, n =10). 
a Wastewater samples was diluted with DW (1:20)
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for Pb(II) were ranged from 95% to 102%, which 
demonstrated that the PC-MSPE method was 
satisfactory extracted and determined Pb ions in 
human urine samples (n=10). 

4. Conclusions
The simple, applied and reliable SPE technique for 
determination of trace levels of Pb (II) ions in real 
water and urine samples was developed based on 
HS-MSNPs by ET-AAS. The PC-MSPE method 
provided good recoveries (>95%) in optimized 
conditions. By procedure, reproducibility and 
reliability data with low RSD (under 5%) in 10 
experiments were obtained. The batch adsorption 
capacities of lead on MSNPs and HS-MSNPs were 
found to be 64.8 and 186.3 mg g−1, respectively. 
The PC-MSPE procedure has some advantages 
such as, excellent separation, high surface area, low 
consumption of only 15 mg of HS-MSNPs, good 
enrichment factor for 5 mL of sample, only 0.2 mL 
of eluent per extraction, high absorption capacities, 
low LOD, and favorite reusability (more than 20). 
It is expected that the PC-MSPE procedure based 
on nanotechnology could successfully be extracted 
lead ions from urine and water samples.  
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grapheme sheets have been used for extraction 
metals and VOCs. As solid phase extraction (SPE) 
with graphene, it is big to be dispersed in solution 
and cannot too long dispersion in polar solvents. 
Also, graphene nano sheets was hold together 
in bundles by van der Waals interactions [4, 5]. 
The grapheme nano sheets are hydrophobic and 
thus have a non-homogeneous form in water, so, 
simply used for heavy metal extraction as physical 
adsorption. But chemical methods involve surface 
modification of graphene for chemical bonding 
between graphene and function group. Surface 
control of nano particles to receive semi or full 
hydrophilic or hydrophobic properties has attracted 

Modification of graphene for speciation of chromium 
in wastewater samples by suspension solid phase 

microextraction procedure

1. Introduction
Different synthesis of graphene was used for 
extraction metals from waters [1]. Novel materials, 
such as graphene with various structures, have 
numerous advantages that make them favorable for 
many analytical chemistry applications [2]. Because 
of inherent low coefficient thermal expansion of 
graphene and its lightweight, high thermal and 
mechanical properties and ease for nanocomposites, 
it has been widely used in aqua phase materials 
such as water and wastewater samples [3]. Then
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A B S T R A C T
In this study, the surface modification of graphene (SMG) was developed for 
efficient speciation and determination of chromium in water and wastewater 
samples. First surface of the graphene was modified with acid mixtures, potassium 
persulfate (KPS) in an alkaline media, tetra hydro furan (THF), Octadecyl amine 
and sodium dodecyl benzene sulfonate (SDBS) as synthesis. By procedure, the 
chromium ions was extracted from water/wastewater sample based on sulfonated 
and amine graphene (S-NG, N-NG) by suspension solid phase microextraction 
procedure (SMSPE). Hydrophobic ionic liquid ([HMIM] [PF6]) was used for 
separation graphene from 10 mL of waters. After shaking and centrifuging, the 
phase of Cr→ S-NG, Cr→N-NG was back extracted by 0.2 mL of HNO3 (0.4 
mol L-1) and finally chromium concentration determined with electrothermal 
atomic absorption spectrometry (ET-AAS). The results showed, the sulfonated 
and amine graphene can successfully extracted Cr(III) and  Cr(VI) from water 
and wastewater samples at pH=3.5-5.5 and pH<3, respectively. Also, the most 
Cr(VI) extracted by N-graphene at pH=2(NH3

+→Cr2O7
─). Under the optimal 

conditions, the linear range, limit of detection and preconcentration factor were 
obtained 0.02–2.4 µg L−1, 5.0 ng L−1 and 20.2 for 10 mL of water samples, 
respectively for Cr(III,VI) (%RSD<5%, pH=4). The validation of methodology 
for speciation of chromium was confirmed by spiking real samples.
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extensive research interests over the few years 
due to its importance in chemistry research and 
potential applications such as extraction ions from 
different matrixes. All the existing modification 
methods of graphene for chemical applications 
are wet-chemical method [6-7]. As synthesis of 
graphene modification, carboxylic acid, hydroxyl, 
nitrogen and sulfur group are the most common 
functional groups for absorption analysis [8]. 
Although this approach can increase the dispersion 
property but it can also have a detrimental effect on 
the conductivity of the composites and nano fluids 
[9]. Surfactants have also been used to disperse 
nanostructures, since this prevents them from 
becoming aggregated over time [10]. 
	 The wide application exists for modification 
of graphene specially sulfonated and amidation 
graphene (S…NG, N…NG). Recently, metal 
extraction occurred with graphene and modification 
graphene in water, human matrix and foods.  
Some toxic metal such as mercury, chromium 
and lead in drinking water and human blood 
or serum cause physiological or neuro-logical 
damage in human body. Chromium, specially 
Cr(VI) is a toxic pollutant in the environment, 
industries and factories. Cr determination in 
human body and waters is important because of 
health problem such as chromosome aberration, 
mutations, and carcinogenicity in cells. So, ultra-
trace determination of Cr is very important in 
water samples. Many methods developed for 
Cr extraction in water samples by graphene 
sorbents. Cr enter the human body through food or 
drinking water, and its level in the air, water and 
biological samples is very low. Cr concentration in 
drinking water is generally less than 2g L−1. The 
World Health Organization (WHO) states that 
the guideline values of 50 g L−1 for    Cr (VI) is 
considered as high concentration value in human 
[11-14]. In this paper, the extraction recovery and 
absorption capacity of different functionalized 
graphene for chromium was calculated by SMSPE 
procedure after synthesis. Also, the behavior of 
different functionalized graphene for extraction of 
chromium was investigated and compared together. 

The sulfonated (:S─-NG) and amine graphene (:N+-
NG) was used for extraction  cations of Cr(III)+ 
and anions of Cr(VI)─ from water and wastewater 
samples at pH=4 and pH=2, respectively. Other 
compounds have low extraction efficiency as 
compared to (:S-NG) and (:N-NG).

2. Experimental
2.1. Chemical materials
In the present work, acetone, toluene,
Thionyl Chloride (SOCl2) >98%, potassium
persulphate (KPS) >99.9% and Sodium hydride
(NaH)>90% obtained from Sigma-Aldrich. Also
Methyl ethanesulfonate (C3H8O3S) >97%,
Ethylmethylamine (C3H9N)>98% and Sodium
2-dodecylbenzenesulfonate (SDBS) obtained
from ChemSpider. The reagents such as; HNO3,
H2SO4, HCl, NaOH, KOH, as analytical grade
were purchased from Internal Companies, Iran.
Deionized water was purchased from Bahre-e
Zolal-e Tehran Company.

2.2. Synthesized and Characterization of Graphene
Graphene was synthesized by chemical vapor 
deposition (CVD) with methane as a carbon 
feed under hydrogen  atmosphere at 1100°C 
[15]. Provided graphene is pure with nano sheet 
structure. The CVD graphene was characterized 
with X-ray diffraction (XRD) and TEM imaging. 
X-ray diffraction measurements were carried out
using a X-pert Philips diffractometer equipped with
a CuKα source (wavelength λ = 0.154 nm). The
XRD pattern of CVD graphene was shown in Figure
1. As shown in Figure 1, one high-intensity broad
peak was appear about 2θ=26.5 corresponding
to (002) diffraction line (d-space 3.4A) plane of
graphite. It was proved the pure and crystalline of
CVD graphene structure [16]. By using Scherrer
equation, the crystalline size of graphene is
calculated as 1.8 nm and when it is divided by the
distance of graphene layers (3.4 Å), the number
of graphene sheets is calculated as 5.3 layers. In
order to evaluate the morphology and diameter
distribution of the graphene, TEM image was taken
for the pristine graphene of CVD. Transmission
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Electron Microscopy (TEM) was carried out using 
a ZEISS EM900 KNL groups at 100kV. The TEM 
image of CVD graphene was shown in Figure 2. It 
exhibits a high magnification TEM image of CVD 
graphene, showing a completely sheet structure 
and ordered with few layers [17].

2.3. Surface modification methods for graphene
The main motive of this paper is to provide a 
framework for using an appropriate functional group 
from the upcoming options when using graphene 
nanofluids. Surfactant treatment was used as 
surface modification methods. Surfactant has been 
used to disperse graphene, since this prevents them 
from becoming aggregated over time [18]. These 
treatments improve the dispersion of graphene in 
aqueous media. To improve graphene dispersion 
in water the sheets were dispersed with the aid 
of SDBS surfactant as follows [19]. The samples 
formed from graphene treated with SDBS were 
designated as SDBS-GNSs. The reaction scheme 
for the treatment of graphene using SDBS shows 
in Figure 3 (a). Also, basic treatment was used as 
another way for surface modification methods. 
For basic treatment, the surface modification 
of graphene was performed with KPS at 100°C 
refluxed for 8 hr. as follows [20]. The samples 
formed from graphene treated with basic method 
were designated as K-GNSs. The reaction scheme 
for the treatment of graphene using KPS shows 

in Figure 3(b). In addition, surface modification 
methods flowed by K-GNSs which were treated 
with SDBS for 24 h at room temperature to obtain 
surfactant treated K-GNSs [21]. The samples 
formed from K-GNSs treated with SDBS were 
designated as SDBS-KGNS. Figure 3(c) gives a 
schematic diagram of the process of the SDBS-
KGNSs. In order to achieve the highest stability, 
the amount of consumed SDBS was considered 
twice as much as graphene amount in the fluid.  
Acid treatment and surfactant based acid treatment 
were used for functionalized graphene. For acid 
treatment, the surface modification of graphene 
was performed with 1:3 mixtures of concentrated 
HNO3 and H2SO4 at 60 °C for 3 hr. as follows 
[22]. The samples formed from graphene treated 
with acid mixture were designated as A-GNSs. 
The reaction scheme for the treatment of graphene 
using Acid treatment shows in 3(d). For surfactant 
– acid treatment, the A-GNSs were treated with 
SDBS for 24 h at room temperature to obtain 
surfactant treated A-GNSs as follows [21]. The 
samples formed from A-GNSs treated with SDBS 
were designated as SDBS-AGNSs. 3(e) gives a 
schematic diagram of the process of the SDBS-
AGNS. Finally, amidation and sulfate treatment was 
prepared for this research. For amidation treatment, 
acyl-chlorinated graphene was added to an amine 
compound (octa decyl amine). This mixture was 
sonicated using an ultrasound bath at 70°C for 2 

Fig. 2. TEM image of CVD GrapheneFig. 1. XRD patterns of CVD Graphene 
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hr, and then refluxed for 2 days. After cooling to 
room temperature the product were washed with 
ethanol to remove excess amine. Finally the black 
solid was dried at 70°C overnight. The samples 
formed from graphene treated with amidation were 
designated as :N-NG. Corresponding chemical 
reactions are illustrated in 3(f) [22]. For sulfate 
treatment, graphene was added to anhydrous THF 
under vigorous mechanical stirring. To replace the 
terminated Na with H in graphene, sodium hydride 
(NaH) was added slowly to the graphene/THF 
mixture at 60°C for 6 hr. Propane sultone was then 
added drop wise to the mixture, and this mixture 
was reacted at 80°C for 24 hr. with constant stirring. 
After the reaction, filtered reactant was immersed 
into an HCl/water solution for 12 h and then washed 
with ethanol several times to remove the residuals. 
The product was dried in vacuum at 70°C for 6 hr. 
[23]. The samples formed from graphene treated 
with Sulfate treatment were designated as :S-NG. 
3(g) gives a schematic diagram of the sulfonation 
process of the sulfonated graphene.

2.4. General Procedure
Chromium was separated and determined based 
on functionalized graphene (S-NG, N-NG) from 

water sample with SMSPE coupled by ETAAS. 
For speciation of chromium, 20 mg of N-NG/S-NG 
dispersed in 10 mL of standard and water sample 
at pH=4 and pH=2 for complexation with sulfur 
and amide group for extraction cations of Cr(III)+ 
and anions of Cr(VI)─ from water and wastewater 
samples. After shaking and centrifuging processes, 
the Cr(III) and Cr (VI)  complexation was achieved 
[CrIII→:S-NG, CrVI→:N-NG] and trapped with 
[HMIM] [PF6]  in conical tube. Then, the chromium 
in remained IL/sorbent back extracted by 0.2 mL 
of HNO3 (0.4 mol L-1)/ NaOH(0.2 M) and finally 
Cr(III) and Cr (VI) concentration determined with 
ET-AAS after dilution with DW up to 1 mL.  The 
results showed us, the Cr(III)  and Cr(VI) can be 
extracted by S-NG  at and N-NG  at pH=4 and 
pH=2, then back extracted by HNO3 and NaOH. 
The validation of methodology was confirmed by 
spiking chromium standard solution and certified 
reference materials in water (SRM). The optimized 
conditions were shown in Table 1.

3. Results and Discussion 
All parameters for chromium extraction was studied 
and optimized by graphene sorbents by ET-AAS. 
The results showed that. The sulfur and amide group 

Fig. 3. Schematic representations of surface modification of graphene by (a) Surfactant    (b) alkaline method   (c) 
Surfactant & alkaline   (d) acid media  (e) Surfactant & acid      (f) Amidation N-NG   (g) Sulfate treatment, S-NG
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of graphene was more extraction of chromium 
from waters as compared to other function group 
graphene in this study. The matrix effects in water 
samples were calculated as extracted chromium 
from a wastewater matrix to extract chromium from 
Standard solution by SMSPE-ETAAS procedure 
(Q1). The recovery efficiency (RE) was obtained 
by equation Q2.  
% ME= (Peak area of the Hg extraction in human matrix)/(Peak 
area of the Hg extraction in matrix free solution)×100      (Q1)

 	          (Q2)

3.1. FTIR analysis 
The presence of variety functional groups were 
confirmed by FTIR spectra. Therefore in this paper 
in order to study the structural changes in the 

graphene after surface modification, FTIR analysis 
was performed. FTIR spectrometer (Thermo 
Scientific, Nicolet 6700) was recorded typically 
100 scans over the range 450-4000cm-1 were taken 
from each sample with a resolution of 2 cm-1 and 
summed to provide the spectra. Figure 4 shows 
FTIR spectra for prepared of the functionalized 
graphene. The peak at 1574 cm-1 corresponds to the 
FTIR-active phonon mode of the graphene. This 
spectrum peak is assigned to the (C=C) stretching 
mode associated with graphene edge defects [24]. 
Peak of 1574 cm-1 can be attributed aromatic 
structures [25]. The FTIR spectra of the SDBS 
treated graphene (SDBS-GNSs, SDBS-AGNSs and 
SDBS-KGNSs) showed peaks at 2924 cm-1, which 
apparently correspond to the symmetrical stretching 
of (CH2), at 1378 cm-1 due to the asymmetrical 

Fig. 4. FTIR spectra for the functional graphene for N-NG (N-GNSs) and S-NG(S-GNSs)

Table 1. The conditions for chromium extraction based on S-NG /IL and N-NG/IL by SMSPE procedure (μg L−1)
Factor Water Standard 
PFa 20.2 20.4
LODb 0.005 0.0045
%RSDc   3.9 3.2
Linear range 0.02 – 2.2 0.02 – 2.1
Correlation coefficient 0.9992 0.9996
a Preconcentration factor
b Limit of detection
c Relative standard deviation(V=10 mL, n=10).  



56 Analytical Methods in Environmental Chemistry Journal; Vol. 3 (2019)

vibration of (CH3) two peaks at 1181 cm-1 and 1236 
cm-1 due to the asymmetrical vibration of (S–O) 
and (S=O) respectively [26]. These peaks indicate 
successful adhesive of SDBS on graphene. The 
broad band of FTIR spectra 3400 cm-1 corresponds 
to the presence of the oxygenated groups [27]. 
In addition, the spectra of the A-GNSs showed 
peak at around 1718 (C=O) cm-1, asymmetric and 
1079 (C-O) cm-1, apparently corresponding to 
the stretching mode of the carboxylic acid group 
(COOH) [24]. These peaks indicate successful 
generation of (COOH) groups on graphene. In the 
case of the oxidized graphene by basic treatment 
with KPS, the two main peaks observed. A peak 
in the 810 cm-1 due to the symmetrical stretching 
of the (C–S) [20], and Peaks of 1233 cm-1 , 1572 
cm-1  1585 cm-1 are associated with resonance of 
the (C-O), stretching of the (C-O), and stretching of 
the (C=O) respectively related to (-COOK) groups 
[18]. Therefore, hydroxyls, carboxylate groups in 
K-GNSs were formation the graphene have been 
successfully to K-GNSs. The peak observed at 1618 
cm-1 is associated with the (C=O) bond shifted to 
1636 cm-1 (amido-functionalized of graphene) [26]. 
The existence of vibration modes corresponding 
to (C–N) at 1287 cm-1, (N–H) at 1507 and 3421 
cm-1 indicate the formation of the amine bond [28]. 

In the spectrum of S-AGNSs the two main peaks 
observed, a peak in 1271 cm-1 and a peak in 1181 
cm-1 due to the symmetrical stretching of the (S=O) 
and (S–O) respectively which have shown typical 
absorbance for the sulfonic acid groups (SO3H) 
[17].

3.2. Raman spectroscopy 
Raman spectroscopy is a very valuable tool for the 
characterization of carbon-based nanostructures 
and confirmed that the structure how mach ruptured 
after treatment. Raman spectroscopy (Renishaw 
RM1000 -Invia) was used to investigate graphene 
structural changes during the surface modification 
treatments. The ratio between D and G band is a 
good indicator of the quality on bulk samples and 
is very important factor in the way that allows 
distinguishing between the functional graphene 
samples after treatment with different agents. The 
degree of functionalization can be estimated by the 
intensity of the D and G band [19]. Figure 5 shows 
the Raman spectrum of the samples reported in 
Table 1.
	 These typical peaks, which still present after 
surface treatments were prove the structure 
of graphene didn’t damage during that varies 
treatments. Generally the ratio of ID/IG is increased 

Fig. 5. Raman spectra of CVD and Functionalized graphene after treatment with different agents The D band of 
Raman spectra of CVD graphene is 1361 cm-1 and its intensity (ID) is 455 and the G band is 1592 cm-1 and its intensity 
(IG) is 1853 so its ID/IG= 0.246.
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for functionalized graphene as compared to CVD 
graphene in all treatment methods. It means that 
chemical treatments of graphene breaks some 
bonds and insert functional groups that can be 
considered as defects on the structure. The ID/IG 
ratio of functional graphene was summarized in 
Table 2. Sulfate treatment gave larger ID/IG (1.414) 
than amidation (0.689) and other method treatment 
of graphene. The measured intensity ID/IG ratio of 
the functionalized graphene were in the order of 
S-GNSs > N-GNSs> A-GNSs > SDBS-AGNS > 
K-GNSs >K-GNSs > SDBS-GNSs.

3.3 Preparing and Stability of graphene nanofluids
The dispersion stability of nano structures is an 
important factor in fabricating uniformly dispersed 
NFs. The thermal properties of the resulting NFs 

will also be strongly influenced by the dispersion 
stability of graphene. In order to prepare the 
samples (graphene NFs), two-step process was 
used. Functionalized graphene with the 0.075wt% 
mix up with deionized water (DI) and place in the 
ultrasonic bath (frequency range 20 kHz and power 
of 80 watts) for 60 min. The specifications of the 
samples were tabulated on Table 3.
	 Figure 6 shows the pictures of the functionalized 
graphene which dispersed in water. Sample (1), 
includes CVD graphene without any treatment, 
instability of graphene was observed. Therefore 
CVD graphene without any treatment has poor 
dispersion stability in water [29].   Sample (2), 
includes graphene with SDBS, few aggregations 
was observed. However, in samples 3~8 good 
dispersion were observed which functionalized 

Fig. 6. The images of the dispersed graphene in water (a) immediately after sonication, (b) after 7 days (1)CVD 
graphene, (2)SDBS-GNS, (3)K-GNSs, (4)SDBS-KGNS, (5)A-GNSs, (6)SDBS-AGNS, (7)N-GNSs & (8)S-GNSs

Table 2. ID/IG ratio of the functionalized graphene
Intensity ID IG ID/IG

CVD graphene 455 1853 0.246
SDBS-GNSs 458 1871 0.245
K-GNSs 641 1691 0.379
SDBS-KGNS 648 1732 0.374
A-GNSs 893 1302 0.686
SDBS-AGNS 898 1312 0.684
N-GNSs 901 1308 0.689
S-GNSs 1288 911 1.414
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graphene was used with different treatments.
	 The results of stability were semi quantified 
by measuring the absorbance of visible light 
[30]. The dispersion stability of the surface-
modified graphene in water was measured by 
UV–visible spectroscopy (UVS-2100 SCINCO 
spectrophotometer between 200 and 1100nm) at 
ambient temperature. If the nanomaterials dispersed 
in fluids have characteristic absorption bands in the 
wavelength 200–1100 nm, it is an easy and reliable 
method to evaluate the stability of nanofluids 
using UV-vis spectral analysis. The Samples were 
diluted up to the extents that were suitable for 
UV–VIS measurements. Figure 7 shows the peak 
absorbance of the samples around the range of 220-
290 nm. As shown in Figure 7, the high peak of 
the SDBS-AGNS, A-GNSs show a well dispersion 
in water. Significant increase in their absorbance 

is good agreement (Fig. 7). According to Figure 
7, N-CNTs and S-CNTs also show fine dispersion 
in water. After 7 days, the suspensions were still 
homogeneous but for the SDBS-GNSs scarcely 
any sedimentation was observed. This is due to the 
fact that the defect of the graphene carries more 
dissociated (-COO) groups, which can stabilize 
the nano sheets via an electrostatic stabilization 
mechanism [31].
	 Furthermore, the SDBS present will act as a self-
assembly template. Consequently, functionalized 
treatments have a different stability and dispersion 
for graphene in water. The measured dispersion 
stabilities are in the order of SDBS-AGNS > 
A-GNSs > SDBS-KGNS > K-GNSs > S-GNSs 
> SDBS-GNS > N-GNSs. The results showed 
us, maximum Cr (III) extracted by S-GNSs and 
extraction efficiency in the order of S-GNSs > 

Table 3. Specification of 0.075wt% functionalized graphene nanofluids
Sample Nano Structure Type of Treatment Type of Agent
1 CVD graphene ---------- ---------
2 SDBS-GNSs Surfactant SDBS
3 K-GNSs Alkaline K2S2O8-KOH
4 SDBS-KGNS Surfactant - Basic SDBS-K2S2O8

5 A-GNSs Acid H2SO4-HNO3

6 SDBS-AGNS Surfactant - Acid SDBS-H2SO4

7 N-GNSs Amine Octa Decyl Amine
8 S-GNSs Sulfate THF-NaH

Fig. 7. UV–visible spectra of surface-modified graphene nanofluids
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SDBS-GNS > SDBS-KGNS> SDBS-AGNS> 
N-GNSs> K-GNSs, respectively. Also, Cr (VI)
extracted by N-GNSs and extraction efficiency
in the order N-GNSs> K-GNSs> SDBS-AGNS,
respectively.

3.4. Thermal conductivity variations vs. temperature
Thermal conductivities of the graphene /water NFs 
were measured by KD2 Pro thermal properties 
analyzer (Decagon devices, Inc., USA). The 
instrument had a specified accuracy of 0.1% 
and meets the standard of IEEE 442-1981. The 
instrument had a probe of 60 mm length and 1.3mm 
diameter, a thermo resistor and a microprocessor to 
control and measure the conduction in the probe. 
The instrument had a specified accuracy of 5%. 
In order to obtain precise results, the sample and 
the probe were maintained at constant temperature 
for about 15 min. In order to study the effect 
of temperature, a thermostat bath was used, 
which meets the standards of ASTM D5334 at 
temperature range of 10 to 60. Each data presented 
is the average value of the measurements from five 
tested the samples. In general, compare to base 
fluid, thermal conductivity of NFs is more sensitive 
due to temperature and increases with increasing of 
temperature. In order to study the temperature effect 
on thermal conductivity of the samples a thermostat 
bath was used. Experimental data were indicate 

thermal conductivity of the samples involving 
functionalized graphene/water NFs increases with 
temperature and the results were shown in Figure 
8. The thermal conductivity of all samples was
dramatically increased by the introduction of the
graphene. Among the samples, the highest thermal
conductivity value (0.728w/mK) was observed for
SDBS-KGNS and then (0.704w/mK) K-GNSs.

This may be due to the fact that after their 
oxidation by the base treatment, the surfaces of 
graphene contain more function groups. According 
to Boehm titration, results were observed 
functional group in alkaline method is about 
3%, while the acid treatment is top 5%. Alkaline 
method usually provides less functional group 
than acid treatment but provides more stability. It 
must be noted that alkaline treatment was done in 
a mild condition, thus the structure of graphene 
at acid treatment would be more damage than 
alkaline treatment. Based on Brownian motion of 
fluids, the functionalized graphene move fast in 
the water, so that energy transport inside the liquid 
becomes strong and thermal conductivity increases 
[33]. Therefore, thermal conductivity gradually 
ascends in the functionalized graphene /water nano 
fluids by increasing of temperature. According to 
Figure 8, by increasing temperature, there are semi 
linear increases for thermal conductivity of all the 
samples. For example, thermal conductivity of the 

Fig. 8. Thermal Conductivity of the samples vs. Temperature
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SDBS-KGNS increases about 10.5% at 10 to 60°C 
and 18.9% enchantment for SDBS-KGNS compare 
to water at 25°C. Table 4 represents the measured 
thermal conductivity of 0.1wt% functionalized 
graphene NFs. For Cr(III) and Cr (VI) analysis 
with electrochemistry , thermal conductivity is 
main factor for cyclic voltammetry analysis(CVA) 
at upper 60oC.

3.5  Optimizing of Parameters
The pH of the sample solution is an important 
factor for quantitative extraction of chromium in 
waters [34-37]. The pH was affected on surface 
charge of the graphene or function group of 

graphene (FNG) for separation of chromium from 
liquid phase by SMSPE procedure. So, the effect 
of sample pH on the chromium recovery by NG 
and FNG was examined in pH ranges from 1 to 
12 by using buffered sample solutions containing 
0.2-2 µg L-1 of chromium. The recovery of Cr (III) 
and Cr(VI) extraction for sulfonated (S-NG) and 
amidation graphene (N-NG)  was obtained at pH=4 
and pH=2, respectively (more than 96%, Fig. 9). 
Also, Cr(VI) can be extracted by S-NG at pH=1-3.
	 Also, the effect of amount of sulfonated and 
amine graphene (S-NG, N-NG) by ionic liquid 
[HMIM][PF6] for chromium extraction in waters 
was investigated. The various amounts of S-NG, 

Table 4. Thermal conductivity of 0.1wt% functionalized graphene nanofluids

Samples nano structure k @ 25°C k @ 60°C Improvement (%)(w/m.K)
1 water 0.612 0.645 5.39
2 SDBS-GNSs 0.621 0.659 6.12
3 K-GNSs 0.704 0.759 7.81
4 SDBS-KGNS 0.728 0.772 6.04
5 A-GNSs 0.664 0.712 7.23
6 SDBS-AGNS 0.678 0.725 6.93
7 N-GNSs 0.632 0.676 6.96
8 S-GNSs 0.650 0.687 5.69

Fig. 9. The effect of pH on chromium extraction by FNG
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N-NG in the ranges of 2 to 30 mg were studied, 
respectively. Other modified graphene set aside 
from study because of low efficient recovery as 
compared to S-NG and N-NG sorbents.  The results 
showed, the amount of 12 mg of both graphene was 
efficient extracted in present of [HMIM][PF6] in 
waters. So, 15 mg of sorbents were considered as 
the optimum mass (Fig. 10). 
	 The volume of samples for extraction of 
chromium was tested by proposed method and 10 

mL of sample volume selected for further study 
(Fig. 11). 
	 Also, some inorganic acid prepared for back 
extraction of chromium (III) from S-NG was 
examined and finally, 0.2 mL of HNO3, 0.4 mol L-1 
(0.4 M) was obtained by optimizing (Fig. 12). The 
0.2 mL 0f NaoH (0.2 M) used for back extraction 
of Cr (VI) as optimized reagent for N-NG at pH=2. 
	 The different mass of   vary ILs was used 
for extraction chromium by S-NG, N-NG. I n 

Fig. 10. The effect of amount of FNG on chromium extraction 

Fig. 11. The effect of sample volume on chromium extraction by FNG
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optimized conditions, 80 mg of [HMIM][PF6] 
had more efficiency for chromium extraction by 
procedure (Fig. 13). 
	 The SMSPE method based on S-NG, N-NG 
was used for real samples, the interference of some 
coexisting ions encountered in water samples on 
the recovery of Cr (III) ions was investigated in 
optimized condition. This procedure was performed 
by adding various amounts of the interfering ions to 

10 mL of standard sample solution containing 2.5 
μg L-1 of Cr (III) and Cr(VI). The results showed, 
the most of the concomitant had no considerable 
effect on chromium extraction (less than 5%).

3.6. Validation of speciation chromium by FNG 
The chromium complexation was evaluated 
with different modified graphene as novel Nano- 
materials by SMSPE method. The analysis of 

Fig. 12. The effect of inorganic and organic acids on Cr(III) back extraction by S-NG

Fig. 13. The effect of different ILs on chromium extraction by FNG
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chromium was validated by spiking chromium 
standard solution to real water samples. Based 
on result; S-NG is good adsorbent for chromium 
extraction by SPE. The SMSPE procedure was 
used for trace chromium analysis in water and 
wastewater samples. The experimental results based 
on average of three determinations, for Cr (III) were 
achieved in real water samples.  For evaluation, 
real samples in standard and water samples was 
validated by chromium spiking to real samples 
(Table 5). The good recovery and accuracy with 

S-NG was achieved by proposed method  in water
and wastewater samples. The mean  recoveries
of spiked samples were satisfactory obtained at
98.6%. Also, The high recovery with N-NG was
achieved for Cr (VI) by proposed method  in water
and wastewater samples. The  recoveries of spiked
samples were satisfactory obtained more tha 95%
(Table 6).

4. Conclusions
NG and FNG was synthesis and used for chromium

Table 5.  Validation of SMSPE method based on S-NG /IL by spiking of mercury standard concentration in water 
samples (μg L-1)

Sample
Added Found a Recovery (%)
Cr (III) Cr (III) Cr (III)

Drinking Water
----- 0.17 ± 0.01 -----
0.2 0.38 ± 0.02 105
0.4 0.56 ± 0.04 97.5

River Water
----- 1.04 ± 0.05 -----
1.0 1.99 ± 0.09 95
1.5 2.47 ± 0.12 96.3

Wastewater
----- 0.88± 0.04 -----
1.0 1.89 ± 0.10 101
1.5 2.36 ± 0.12 98.6

Wastewater*
----- 1.22 ± 0.05 -----
1.0 2.19 ± 0.11 97
2.0 3.15 ± 0.14 96.5

a Mean of three  determinations ± confidence interval (P= 0.95, n=10) 
* Wastewater diluted with DW 1:10

Table 6.  Validation of SMSPE method based on N-NG /IL by spiking of mercury standard concentration in water 
samples (μg L-1)

Sample Added Found a Recovery (%)
Cr (VI) Cr (VI) Cr (VI)

Tab Water
----- 0.113 ± 0.014 -----
0.1 0.209 ± 0.017 96.0
0.2 0.315 ± 0.026 101.1

Well Water
----- 0.503 ± 0.025 -----
0.5 0.997 ± 0.048 98.8
1.0 1.498 ± 0.073 99.5

Wastewater of petrochemical factory
----- 1.011 ± 0.057 -----
0.5 1.495 ± 0.074 96.8
1.0 2.033 ± 0.096 102.2

Wastewater of color factory
----- 0.954 ± 0.044 -----
0.5 1.443 ± 0.063 97.8
1.0 1.938 ± 0.121 98.4

a Mean of three  determinations ± confidence interval (P= 0.95, n=10) 
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extraction (CrIII ,Cr VI) in water samples by SMSPE 
procedure. An effective function treatment was 
reported for graphene by using KPS as oxidant in 
alkaline media to prepare graphene stable solution. 
The atomic structure in the functional groups, 
as well as their method and mechanism of their 
stabilization on graphene, are two essential factors 
that can determine the phenomenon in graphene 
nanofluids. Surface and amine modification of 
graphene based on SMSPE was used for separation/
preconcentration of Cr(III) and Cr(VI) in waters, 
repectively. The results showed us, the surface 
modification of graphene has a strong influence 
on the dispersion stability, thermal conductivity 
of NG and help to chemically adsorption of 
chromium speciation. The FNG (S-NG and N-NG) 
can be extracted chromium in different pH by 
physical and chemical adsorption. All of FNG 
such as SDBS-GNSs, K-GNSs, SDBS-KGNS, 
A-GNSs, SDBS-AGNS, N-GNSs and S-GNSs can
be extracted chromium with different recovery by
proposed method. The results showed, N-GNSs
(CrVI) and S-GNSs (CrIII) had more efficient
recovery for chromium extraction from waters by
chemical adsorption.  The developed method based
on N-GNSs and S-GNSs was low interference,
simple and easy preparation, low RSD% and high
precision /recoveries for chromium speciation/
extraction n water and wastewater samples (more
than 96%).
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[8], photonic [9], ion exchange [10], molecular array 
[11], biomedicine [12], sensing [13], drug delivery 
[14], luminescent [13, 15], magnetic [16], and 
semiconductors [17]. Several methods have been 
proposed to remove hazardous materials from water 
such as electrochemical [18], chemical coagulation 
[19], reverse osmosis membrane [20], and adsorbent 
[21-23]. The absorbent materials have been studied 
for different species such as nitrobenzene [24-26], 
phenol [27], p-xylene hydrocarbon [28], dye [29-
32], heavy metal [33-34], humic acid [35], and 
nitrate [36-37] from the waste water. Mercury is a 
chemical element and heavy metal with very toxic 
effect. This non-essential metal can be distributed 

A novel sorbent based on metal–organic framework for mercury 
separation from human serum samples by ultrasound assisted- ionic 

liquid-solid phase microextraction

1. Introduction
Today, metal-organic frameworks have received 
considerable attention as porous coordination 
polymers (PCPs) and porous hybrid organic–
inorganic materials because of their unique 
properties [1-2]. MOFs can be synthesized via self-
assembly of metal ions (or metal clusters) as metal 
centers, and bridging ligands as linkers [3-4]. In 
recent years, MOFs wildly have been studied for 
their potential applications in many areas such as 
gas storage [5], separation [6], catalysis [7], optics
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A B S T R A C T
In this research, the metal–organic framework (MOF) as a 
solid phase was used for separation mercury [Hg (II)] inhuman 
serum sample by ultrasound assisted- Ionic Liquid-solid phase 
microextraction procedure (USA- IL-μ-SPE). Mercury extracted 
from serum sample by [Zn2(BDC)2(DABCO)]n as MOF at pH=8. 
Hydrophobic ionic liquid ([BMIM] [PF6]) was used as solvent 
trap for Hg-MOF-NC from the sample solution. The phase of Hg-
MOF-NC was back extracted by 0.5 mL of HNO3 (0.2 mol L-1) 
and finally mercury concentration determined with cold vapor-
atomic absorption spectrometry (CV-AAS) after dilution with 0.5 
mL of DW. Under the optimal conditions, the linear range, limit 
of detection and preconcentration factor were obtained 0.02–
5.5 µg L−1, 6.5 ng L−1 and 9.8 for serum samples, respectively 
(%RSD<5%). The validation of methodology was confirmed by 
standard reference materials (SRM).
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in the environment, natural products, and human 
body [38-39]. The exposure to high mercury can 
be resulted to the changes in the central nervous 
system, irritability, fatigue, behavioral changes, 
tremors, headaches, hearing and cognitive loss, 
dysarthria, incoordination, and hallucinations 
[40]. Mercury compounds can be harmed the liver 
and kidneys, resulting some disorder in enzyme 
activity, illness, and death [41-42]. Recently, the 
applications of mercury adsorbents are expanded 
due to increased level and toxic effect [43-44]. 
In present study, Zn2(BDC)2(DABCO) MOF was 
synthesized by solvothermal method for mercury 
absorption from serum and standard solution 
with CV-AAS by USA- IL-μ-SPE procedure. The 
1-octyl-3-methylimidazolium hexafluorophosphate 
([OMIM][PF6]) as a hydrophobic ionic liquid was
used for separating of Hg-MOFfrom liquid phase.
The proposed method was validated by spike of
real samples and CRM (NIST).

2. Experimental
2.1. Reagents and Materials
All reagents with high purity and analytical grade
were purchased from Merck (Darmstadt, Germany), 
unless otherwise stated. Materials including zinc
acetate ehydrate (Zn(Oac)2.2H2O), 1,4 benzenedi-
carboxylic acid (BDC), 1,4-diazabicyclo [2.2.2]
octane (DABCO), dimethylformamide (DMF)
were used for synthesis of Zn2(BDC)2(DABCO)
MOF. All aqueous solutions were prepared in ul-
tra-pure deionized water (R≥18 MΩ cm-1) from
Milli-Q plus water purification system (Millipore,
Bedford, MA, USA). An Hg (II) standard stock so-
lution (1000 mg L-1 in 1% nitric acid, 250 mL) was
purchased from Fluka, Buchs, Switzerland. The
experimental and working standard solutions were
prepared daily by diluting the stock solutions with
deionized water. The solutions were freshly pre-
pared and stored just in a fridge (4 °C) to prevent
decomposition. A 0.6% (w/v) sodium borohydride
reagent solution was prepared daily by dissolving
an appropriate amount of NaBH4 in 0.5% (w/v)
sodium hydroxide and used as a reducing agent.
1-butyl-3-methylimidazolium hexafluorophosphate

[HMIM][PF6] was obtained from Sigma–Aldrich 
(M) Sdn. Bhd., Malaysia. The pH adjustments of
samples were made using nitric acid (0.1 mol L-1)
for pH 1-2, and appropriate buffer solutions in-
cluding sodium acetate (CH3COONa/CH3COOH,
1-2 mol L-1) for pH 3.75-5.75, sodium phosphate
(Na2HPO4/NaH2PO4, 0.2 mol L-1) for pH of 5.8-8.0,
and ammonium chloride (NH3/NH4Cl, 0.2 mol L-1)
for pH 8-10. All the laboratory glassware and plas-
tics were cleaned by soaking in nitric acid (10%,
v/v) for at least 24 h and then rinsed with deionized
water before use. Due to hazardous effects of Hg
solutions, gloves, safety mask, and laboratory hood
should be used when mercury standard solutions
are prepared.

2.2. Characterization 
The MOF was characterized by Fourier transform 
infrared spectroscopy (FTIR), powder X-ray 
diffraction (XRD), and scanning electron 
microscope (SEM). FTIR spectra were recorded 
on a Shimadzuir 460 spectrometer in a KBr matrix 
in the range of 400–4000 cm−1. Powder X-ray 
diffraction pattern was performed for evaluation 
of crystalline structure of bismuth oxide NP using 
a Philips Company X’pert diffractometer utilizing 
Cu-Ka radiation (ASENWARE, AW-XBN300, 
China). Scanning electron microscope was 
investigated the morphology and MOF (KYKY, 
EM3200, China). Determination of mercury was 
performed with an atomic absorption spectrometer 
(GBC 932– HG3000-AUS, Australia) equipped 
with a flow injection cold vapor module (FI-CV-
AAS), deuterium-lamp background corrector, Hg 
hollow-cathode lamp, and a circulating reaction 
loop. The working conditions of FI-CV-AAS were 
given in Table 1. The pH values of the solutions were 
measured by a digital pH meter (Metrohm, model 
744, Herisau, Switzerland). A Hettich centrifuge 
(model EBA 20, Germany) and an ultrasonic bath 
with heating system (Tecno-GAZ SPA, Italy) were 
used throughout this study. 

2.3. Synthesis of MOF
The Zn2(BDC)2(DABCO) MOF was prepared via 
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the self-assembly of primary building blocks. In 
a typical reaction, Zn (OAc)2.2H2O (0.132 g, 2 
mmol), BDC (0.1 g, 2 mmol), and DABCO (0.035 
g, 1 mmol) were added to 25 ml DMF [3]. The 
reactants were sealed under reflux and stirred at 90 
°C for 3 h. Then, the reaction mixture was cooled to 
room temperature, and filtered. The white crystals 
were washed with DMF to remove any metal and 
ligand remained, and dried in a vacuum. DMF 
was removed from white crystals with a vacuum 
furnace at 150 °C for 5 h. 

2.4. General procedure of mercury adsorption
By USA-IL-μ-SPE procedure, 10 mL 
polytetrafluoroethylene (PTFE) centrifuge tube 
was used for this study. First, 10 mL of serum 
sample or standard aqueous solution containing 
Hg (II) with concentration in the range of 0.1-
5.5 μg L−1 was adjusted to optimum pH of 8 with 
sodium phosphate buffer solution (Na2HPO4/
NaH2PO4, 0.2 mol L-1) and transferred into the 
10 mL PTFE centrifuge tube. Then 50 mg of 
[OMIM][PF6] dispersed in 100 µL acetone was 
mixed with 20 mg Zn2(BDC)2(DABCO) as MOF 
sorbent and rapidly injected by a syringe into the 
serum/ standard solution. The resulting mixture 
was shaken in ultrasonic bath for 5 min at 25 ºC. 
Hg (II) was extracted and separation by MOF. The 
[Zn2(BDC)2(DABCO)]n-Hg  was trapped with 
IL and centrifuged at 4000×g for 3 min. The Hg- 
MOF /IL was settled down in bottom of the conical 
centrifuge tube and the aqueous phase was removed 

with a transfer pipette. Finally, mercury species 

retained on the sorbent were eluted by adding 0.5 
mL of 0.3 molar HNO3 and vigorously shaking the 
tube for 1 min. The eluent phase was separated by 
centrifuging of the remaining mixture and Hg (II) 

ions were analyzed by CV-AAS after dilution with 
deionized water up to 1 ml. Figure 1 was shown 
general procedure of mercury adsorption.

3. Results and Discussion
3.1. Fourier transforms infrared spectroscopy for 
MOF
The FTIR spectra of MOF were recorded in the 
range of 400–4000 cm-1 with KBr pellets by 
fourier transforms infrared spectroscopy (Fig. 2). 
The C–H aromatic band is shown at 3424 cm-1. The 
aliphatic C–H asymmetric stretching is assigned at 
2960 cm-1. The peak at 2357 cm-1 is related to CO2 
which exist in environment. The C=O stretching 
and carboxylic group are assigned at 1587 cm-1 and 
1387 cm-1 respectively. FTIR spectra corresponded 
to the reported results [1].

3.2. X-ray diffraction of MOF
The XRD measurement was used to determine the 
crystalline structure of MOF in 2θ range 5° to 30° 
(Fig. 3). The position and diffraction properties of 
the peaks are similar to the pattern of previously 
reported result [1]. 

3.3. Scanning electron microscopy for MOF
The size and morphology structures of samples 

Table 1. The FI-CV-AAS conditions for determination of mercury in standard samples.
Features Value
Linear range, μg L-1 0.2-55
Wavelength, nm 253.7
Lamp current, mA 3.0
Slit, nm 0.5
Mode Peak area
HCl carrier solution 37%, mol L-1 3.0
NaBH4 reducing agent, % (m/v) 0.6 (in 0.5% w/v NaOH)
Argon flow rate,  mL min-1 10.0
Sample flow rate, mL min-1 3.0 
Reagent flow rate, mL min-1 5.0
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Fig. 3. XRD pattern of Zn2(bdc)2(dabco) MOF

Fig. 2. FTIR spectra of Zn2(bdc)2(dabco) MOF

Fig. 1. General procedure of mercury adsorption based on MOF by USA-IL-μ-SPE 
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were studied using SEM that shown rod-shaped 
with an average diameter of 70 nm, and the length 
of 350 nm (Fig. 4). 
	
3.4. Adsorption mechanism
The compounds of MOF [Zn2(bdc)2(dabco)]n 
such as, bdc (COO-) and dabco( N:)  was used for 
chemical extraction of mercury from serum and 
standard solution samples at optimized pH. These 
ligands as a suitable material can be extracted 
the mercury ions in human biological sample at 
pH=8. The MOF are coordinating with the cations 
of Hg via nitrogen and carbocyclic bond which 
was deprotonated at basic pH. The mechanism of 
chemical and physical adsorption carried out by 
MOF at pH 7.5-8.5 for mercury in serum samples. 
The results showed us the recovery of physical 
adsorption in low pH without nitrogen covalence 
bonding (pH=3─6) was achieved 43.8 % and 

increased more than 95%  by chemical bonding 
of MOF with Hg(MOF─N:→Hg) at pH=7.5─8.5 
(Fig. 5)

3.5. The optimization 
The optimization was investigated for the 
ultrasound-assisted ionic liquid-micro solid phase 
extraction conditions. The USA- IL-μSPE procedure 
provides novel and interesting approach using the 
MOF sorbent for extraction of mercury from water 
and serum samples. In order to obtain optimum 
speciation conditions and quantitative recoveries of 
inorganic and organic mercury species with good 
sensitivity and precision, the presented USA- IL-
μSPE method was optimized for various analytical 
parameters. Moreover, in order to optimization of 
effecting parameters, standard solutions containing 
different concentrations of Hg (II) in the range of 
0.1–5.5 µg L-1 were examined. 

Fig. 4. SEM of Zn2(bdc)2(dabco) MOF

Fig. 5. The mechanism of mercury absorption by MOF
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3.5.1. Back extraction of mercury from MOF 
The recovery percentage was investigated for 
mercury absorption by MOF in presence of different 
acids such as HNO3, HCl, H2SO4, and CH3COOH 
(Fig. 6), and selected 0.3 molar HNO3 as optimum.

3.5.2. The pH effect of MOF
The pH of the sample is an important role to high 
recovery and extraction of Hg in human serum 
matrixes. The effect of serum pH on the extraction 
of Hg(II)  based on MOF has studied from pH of 2 

to 11, containing 0.1-5.5 µg L-1 of standard Hg(II) 
by USA- IL-μ-SPE method. Based on Figure 7, the 
extraction of Hg ions in serum and standard solution 
samples were increased between pH from 7.5 to 8.5.  
The recovery of mercury extraction were achieved 
more than 95% in pH=8 and decreased at pH more 
than 8.5 and less than 7.5.  Consequently, the pH of 
8 was used in further study for Hg extraction from 
serum and standard solution samples.  In addition, 
the extra extraction of mercury was achieved by 
increasing MOF mass but, some of essential metals 
(Cu, Zn, Ca, Mn, Mg,) may be removed from 

Fig. 6. Recovery percentage in presence of different acids

Fig.7. The effect of pH on mercury extraction by MOF
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human body and caused different acute disease.  In 
proposed conditions, the recovery of Hg extraction 
was obtained 25% and 97.6% by IL and MOF/IL, 
respectively at pH=8. The mechanism of mercury 
extraction of MOF/IL was mainly obtained by 
the electrostatic attractions of deprotonated 
nitrogen and carbocyclic groups (N, COO) with 
the positively charged mercury ions at pH=8. At 
acidic pH, the surface of MOF, especially charge 
of groups have positive (+) and similar to Hg2+, so, 
the recovery of extraction mercury was decreased. 
However, in optimized pH, the MOF sorbent had 
negative charge and electrostatic attraction caused 
to extract mercury. At high pH more than 8.5, the 
recovery efficiencies were decreased due to the 
formation of hydroxyl complexes of mercury [Hg 
(OH)2]. Therefore, Ph=8 selected as optimized pH 
by USA- IL-μ-SPE procedure.

3.5.3. Effect of MOF Mass 
The mass of MOF was evaluated as effective 
parameter for mercury absorption among 1-40 
mg. Based on mass results, the optimal value 
was mass 20 mg for mercury absorption by the 
MOF. For optimization of proposed method, the 

amounts of [Zn2(bdc)2(dabco)]n in the range of 1 
to 40 mg were studied for mercury extraction in 
serum and standard samples.  The results showed 
us, less than 18 mg of MOF caused to decrease 
the extraction efficiency of mercury. So, 20 mg of 
[Zn2(bdc)2(dabco)]n was used by USA- IL-μ-SPE 
procedure (Fig. 8). 

3.5.4. Effect of volume of serum 
The optimized sample volume on the recovery of 
Hg(II) ions based on USA- IL-μ-SPE procedure 
were examined from 1 mL to 25 mL of standard 
and serum samples. The volume of serum was 
investigated as effective parameter for mercury 
absorption. Based on the results, the optimal value 
was obtained less than 18 ml for water sample by 
the MOF. By results, the quantitative recovery was 
achieved (< 95%) for 15 mL and 12 mL of standard 
solution and serum, respectively with concentration 
of 0.1 – 5.5 µg L−1 of mercury (CV-AAS). The 
recovery was decreased more than 12 mL and 15 
mL for volume of serum and standard samples by 
proposed method. So, 10 mL of volume sample was 
used  by USA- IL-μ-SPE method at pH=8 (Fig. 9).

Fig. 8. The effect of MOF mass on mercury extraction 
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3.5.5. Effect of ILs for mercury extraction 
The IL was investigated as effective parameter for 
mercury absorption between 5-100 mg, and the 
optimized result was selected 50 mg. A hydrophobic 
ionic liquids such as; [MMIM] [PF6], [HMIM]
[PF6] and [OMIM][PF6]  as a green solvent was 
used to separate MOF from the serum and standard 
solution (Fig. 10). The different amount of IL (5-
100 mg) for separation of [Zn2(bdc)2(dabco)]n from 
serum phase were used and examined. The results 

showed us, the good recovery was achieved with 65 
mg of [HMIM][PF6] and 45 mg of [OMIM][PF6]. 
Therefore, 50 mg of [OMIM][PF6]  was selected  
by proposed method. In addition, the effect of 
[OMIM][PF6]  for extraction of mercury in serum 
matrix was investigated without [Zn2(bdc)2(dabco)]

n sorbents. The results showed us, the extraction 
recoveries of Hg were obtained about 12 % by 
[Zn2(bdc)2(dabco)]n which was depended to amino 
acid complexation in serum. 

Fig. 9. The effect of sample volume on mercury extraction 

Fig. 10. The effect of different ionic liquids on mercury extraction 
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3.5.6. Adsorption capacity
The important factor for analyzing of mercury with 
[Zn2(bdc)2(dabco)]n as MOF sorbent was adsorption 
capacity factor (ACF). In batch system, the ACF of 
Hg (II) was studied for 10 mL of human serum and 
standard solution at pH=8. The ACF of MOF for 
mercury vapor in GC closed glass was 149.56 mg 
g-1. Based on characteristics of [Zn2(bdc)2(dabco)]n

the most ACF related to chemical bounding of MOF 
as compared to physical adsorption by MOF. So,
[Zn2(bdc)2(dabco)]n with high ACF was considered
as excellent  MOF sorbent for extraction of Hg (II)
from serum and standard solution samples.

3.6. Interference Study
By USA-IL-μ-SPE procedure based on MOF for 
real samples, the interference of some coexisting 
ions encountered in serum samples on the recovery 
of Hg (II) ions was investigated under the optimal 
condition. This procedure was performed by adding 
various amounts of the interfering ions to 10 mL 
of standard sample solution containing 5.5 μg L-1 
of Hg (II). Taking as criterion for interference 
the deviation of the recovery more than ±5%, the 
obtained results (Table 2) showed that most of the 
probable concomitant cations and anions had no 
considerable effect on the recovery efficiencies of 

Hg (II) ions under the selected conditions.

3.7. Validation of results
The mercury absorption capacity was examined 
among different applications of MOF as hybrid 
inorganic-organic nanoporous materials by 
USA-IL-μ-SPE method. The intra-day analysis 
of mercury was shown in Table 3 and based on 
this result; MOF is good candidate for mercury 
adsorption. 
	 The USA-IL-μ-SPE method was used for ultra-
trace mercury determination in standard solution 
and serum samples. The results based on average 
of three determinations, for Hg (II) were achieved 
in serum samples. For validation of results, real 
samples in serum and standard solution was verified 
by spiking of mercury standard concentration 
(Tables 4). The favorate recovery showed that 
the proposed method had good accuracy in serum 
matrix. The recoveries of spiked samples for 
serum and standard solution were obtained more 
than 95%. The developed method based on MOF 
/IL was satisfactory demonstrated for mercury  
analysis in serum. The concentration of Hg in 
petroleum (subject) and office worker (control) 
were  studied by USA-IL-μ-SPE procedure (N=-
50). There were no significant differences between 

Table 2. The interference of some coexisting ions in serum samples on the recovery of mercury ions under the optimal 
condition.

Ions
Concentration ratio (Cinterferent ion/CHg

2+) Mean of Recovery (%)
Standard Serum Standard Serum

Cr3+, Co2+, Pb2+, V3+, Mn2+ 500 400 96.4 95.9
I- , Br-,  F-, NO3

-, 750 620 98.6 96.2
Na+, K+, Cl-,Ca2+, Mg2+ 1400 1100 97.7 95.1
Ni2+, Ag+, Cd2+ 35 20 99.3 97.5
Zn2+, Cu2+ 120 100 97.0 96.8

Table 3. The intra-day analysis of mercury with MOF by USA-IL-μ-SPE method
Parameter (Intra-day) Serum sample Standard sample
PFa 9.8 10.2
LODb (n=10, ng L-1) 6.5 6.8
RSDc   (n=6, %) 4.2 3.3
Linear range (𝜇g L−1) 0.02 – 5.5 0.02 – 6.0
Correlation coefficient 0.9988 0.9992

a Preconcentration factor, b Limit of detection, c Relative standard deviation. 
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exposed subjects and unexposed controls in terms 
of age and sex. The mean concentration of 
mercury in control groups was obtained under 1.0 
μg L-1. In addition, for validation of methodology, 
standard reference material (SRM 1641e) for 
inorganic mercury was analyzed by MOF/IL.  
Table 5 was approved the validation of 
developed USA- IL-µ-SPE method. The Ethical 
Committee of Tehran Medical Sciences, Islamic 
Azad University, approved the blood sampling 
guidance in the human body based on the Helsinki 
rules (E.C.: IR.IAU.PS.REC.1398.272).

4. Conclusions
In this study, Zn2(BDC)2(DABCO) MOF was
synthesized by solvothermal method at 90 °C for
3 h via the self-assembly metal centers and linkers

using DMF solvent. Based on the results, the MOF 
was propped as a good candidate for mercury 
absorption. The highest mercury absorption was 
observed in pH=8, mass of MOF 20 mg, volume 
of serum 10 ml, volume of water 15 ml, and IL 
optimized 50 mg in presence of HNO3 as optimized 
acid. Also, the interference of concomitant cations 
and anions had no considerable effect on the 
recovery efficiencies of Hg (II) ions under the 
selected conditions. Therefore, these properties 
can be resulted to many advantages in the future to 
absorb of hazardous materials. 
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1. Introduction
Mercury was ranked as a hazardous material for
human health and animals such black fish and extra
concentration cause dangers disease in human
body [1,2]. Mercury is a toxic element and has no
essential biological function in human body and
normal range was reported less than 20 µg L−1 and
2 µg L−1 in urine and blood serum, respectively by
ACGIH. Organic and inorganic mercury occurs
in fishes, foods, vegetables, waters and air [3].

It is emitted to the atmosphere from chlor-alkali 
factory, sea, chemical process, coal, oil combustion 
for energy generation, and metal mining, The 
contribution of industrial sources for mercury and 
other heavy metals emissions to the atmosphere, 
rivers and fish and humans [4]. Human exposure 
to mercury evaluated and studied in occupational 
and environmental health [5]. Mercury generated 
from chemicals, petrochemical and electrical 
industries [6].  The mercury exposure caused many 
health problems in human body such as, central 
nervous system defects, erythrism, arrhythmias, 
cardiomyopathies, and kidney damage. Necrotizing 
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A B S T R A C T
Mercury as a hazardous material can be released in air and caused 
renal failure and CNS problem in humans. In this study, mercury vapor 
removed from air based on nickel-coated on multi-walled carbon 
nanotubes (Ni-MWCNTs) as a novel sorbent at room temperature. 
By procedure, amalgamation of mercury with Ni-MWCNTs was 
achieved by solid-gas phase removal method (SGPR). In bench scale 
set up, the mercury vapor generated and mixed with purified air with 
electro air cleaner and moved to sorbent at optimized flow rate. After 
thermal desorption of Ni-MWCNTs at 200 oC, the mercury vapor 
flowed to quartz glass cell with argon gas and determined by cold 
vapor atomic absorption spectrometer technique (CV-AAS). In 
optimized conditions, 25 mg of Ni-MWCNTs and MWCNTs with 
different size from 30-100 nm was used and the adsorption capacity 
of sorbents was obtained 194 mg g-1 and 64 mg g-1, respectively. 
The efficient recovery was obtained at optimized conditions such 
as, temperature of 25-40 and flow rate of 200 mL min-1.  Due to 
results, the surface of Ni-MWCNTs had good potential for removal 
of mercury vapor from the air and can be used as a low cost and 
efficient sorbent in industrial workplace.
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bronchitis and pneumonitis arising from inhalation 
of mercury vapor can result in respiratory failure 
[5, 6]. Mercury is listed and suggested as one of the 
hazardous air pollutants in the 1990 and recently 
many methods was used for mercury removal from 
air [7]. The air sampling and analysis methods was 
used for mercury determination by the national 
institute for occupational safety and health 
(NIOSH) and the occupational safety and health 
administration (OSHA), respectively(NIOSH 
6009). The main disadvantages of these methods 
related to interference by other metal compounds 
and organic mercury in air.  the sample tube 
be The fragile of sample tube, low adsorption 
capacity, impurities and contamination of reagents 
used for sample preparation, the use of nitric 
acid and hydrochloric acid, as well as being 
time consuming, the mercury loss during sample 
preparation, operator skills and  the costs of 
solid sorbent tubes caused to consider as  a weak 
procedure [8, 9]. Many Nano carbon compound 
such as carbon nanotubes (MWCNTs, SWCNTs), 
graphene and mesoporous silica nanoparticles 
(MSN) was syntheses and used as a sorbent for 
removal of mercury from air. Carbon nanotubes 
are unique wall porous structures with nanometer 
diameter and can be simply removed mercury from 
air with two type’s single walled carbon nanotubes 
(SWNTs) and multiple walled carbon nanotubes 
(MWNTs) [16]. MWCNT and SWCNT were used 
in many published papers for mercury removal 
from air/gas. Adsorption of mercury was achieved 
by montmorillonite powder modified with Copper 
Compounds or amorphous of MoS3 pasted on TiO2 
was used for removal metals from gas/air . Also, 
the bimetallic sorbents such as Pd–Fe and catalytic 
compounds such as Ce–Mn/TiO2 applied for Hg0 
removal in air [10-15]. In fact, CNTs with chemical 
and physical properties have good potentially 
in many applications such as, nanotechnology, 
electronics, optics, water, chemistry, environment 
and other fields of materials science [16-20]. Low 
diameter (nm), low weight, thermal conductivity 
and high surface area, thermal resistance, high 
tensile strength and a very high Young modulus 

caused to introduce as novel adsorbent in many 
science [21-22]. Also, these compounds also have 
been used for absorb the gases and metal cations 
and volatile organic compounds [23-27]. The 
carbon nanotubes have a good repeatability in high 
temperature, So, CNTs introduce a favorite sorbent 
for mercury removal from air by thermal desorption 
method [28, 29], Also, the health effect of  exposure 
to solvents, acids and other chemical methods were 
reduced by proposed method. Recently, different 
instruments coupled with techniques was reported 
for mercury analysis by researchers, activated 
carbon from mixed recyclable waste modified by 
phosphonium-based ionic liquid (IL-ACMRW) 
based on  Inductively Coupled Plasma- mass 
spectroscopy (ICP-Ms) was used for mercury 
removal from wastewater.  Inductively coupled 
plasma atomic emission spectroscopy (ICP OES), 
high-performance liquid chromatography coupled 
hydride generation atomic absorption spectrometry 
(HPLC-HG-AAS), hydride generation atomic 
absorption spectrometry (HG-AAS), hydride 
generation atomic absorption spectrometry coupled 
mercury concentration (HG-AAS-MC3000). In this 
work, Ni-MWCNTs and MWCNTs was removed 
the mercury vapor from air due to their unique 
physicochemical properties.  Strong chemical 
interactions between Ni and Hgo (Hg→Ni-
MWCNTs) caused to increase removal efficiency 
of sorbent by SGPR. The reusable of Ni-MWCNTs 
can be considered as a cost effective sorbent. 

2. Experimental
2.1. Material and Methods
All reagents such as, Sodium borohydride, nitric
acid, sodium hydroxide and hydrochloric acid were
prepared from Sigma Aldrich. Mercury standard
solutions were prepared from a stock solution of
1000 mg L-1 in 1% ultra-pure nitric acid. Working
standard solutions were freshly prepared by dilution 
of stock and intermediate standards. Sodium
borohydride (NaBH4) prepared fresh daily. 3.0 g
of NaBH4 and 3.0 g of sodium hydroxide (NaOH)
were mixed and diluted by deionized water (DW)
up to 500mL. Deionized water obtained from a
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water purification system (Millipore, Bedford, 
MA, USA) was used for preparing all solutions. 
All containers (quartz crucibles, plastic tubes) were 
cleaned with detergent and treated successively by 
the hydrochloric acid and rinsed with deionized 
water. Argon was used as the pure gas (99.99%).  
The present research is an experimental study and 
it includes stages such as preparation of  the various 
concentrations of mercury vapor, adsorption of 
mercury vapor in various concentration, time, 
temperature optimized as well as retention time 
of adsorbed mercury by multi-walled carbon 
nanotubes. The atomic absorption spectrometer 
(GBC) Model (AAS–932 Puls) with cold vapor 
technique (CV-AAS/HG3000) has been used for 
the analysis of samples. Instrumental parameters 
for cold vapor atomic absorption spectrometry are 
shown in Table 1.  The mercury concentrations 
were prepared from 1 µgL-1 to 50 µgL-1. The Ni-
MWCNTs (25 mg) as solid phase was used and 
placed in a glass tube with length of 5 cm and the 
internal and external diameters of 5 and 8 mm 
respectively. Then, end-capping with some silica 
/cotton was performed to prevention of humidity. 
MWCNTs were provided by Nano department of 
RIPI, Tehran. Also, all solutions and materials were 
purchased from Merck, Germany.

2.2. Synthesis of nickel coated on MWCNTs
The Ni-MWCNTs has prepared as follows, 2.0 
g of  the pure MWCNTs was added to 50 mL of 
DW with 0.25 g of Sodium sulfosuccinate esters ( 
NaO3SCH(CO2R’)CH2CO2R )as a surfactant by 
low heating at 300 rpm stirring speed. The nickel 
nitrate (0.5 g) was added to the Final solution 
without heat in 200 rpm stirring speed. Then, 
ammonia solution (2 mL) was added to solution 
and diluted with DW up to 200 mL with stirring 
in 20 min at 300 rpm speed. Then finally, 10 mL 
of formalin slowly was added for five minutes as 
a reducing agent. The synthesis of Ni-MWCNTs 
nanoparticles was obtained by increasing the speed 
of Stirring after addition formalin for 10 min (800 
rpm). The extra  formalin and ammonia on Ni-
MWCNTs cleaned by DW washing after filtration 

by Whatman filter. In addition, oxidation of the Ni-
MWCNTs nanoparticles was prevented by washing 
with Ethanol.

2.3. Experimental Procedure   

In bench scale set up, the air was purified 
with electro air cleaner (EAC, Canada, model 
EAHEPA600M-3) by HEPA. The HEPA act for 
efficient removing particles under 300 nm (99.97%) 
from air. Then, the pure air of EAC passed through 
polyethylene tubes and entered to polyethylene bag 
(1 Li) by a SKC pump. All of the gas lines were PE 
tubes and those that enter to PE bag were covered 
with heating jackets capable of controlling the 
temperature at 50 °C to prevent water vapor and 
mercury vapor from condensing.  In SGPR, trace 
of elemental mercury vapor in air was prepared by 
aqueous standard solution of mercury (1-50 µgL-1). 
The aqueous standard solutions entered to hydride 
generator system and mercury vapor generated in 
a continuous flow rate. The system was designed 
by a peristaltic pump that can be pumped standard 
solutions of mercury, tin chloride as reducing 
agent and ionized water into a mixer continuously. 
Peristaltic pump rotation rate was 1.5 rounds per 
second or 90 rpm. The solution mixed thoroughly 
in reaction tube and then pushed into a liquid–gas 
separator where the mercury vapor is separated 
from the liquid using an inert carrier gas. The 
mercury vapor mixed with pure air and flowed to 
Ni-MWCNT by flow rate 100-300 ml min-1. After 
adsorption mercury by Ni-MWCNTs, the remained 
air stored in polyethylene bag 1(1 L). The air into 
air bag was determined by CV-AAS and MC3000 

Table 1. Conditions of cold vapor atomic absorption 
spectrometry (CV-AAS) for mercury
Parameters Value

5 mA
253.7 nm
0.5 nm
Cold vapor
HCL
400 k Pa
100 mL/min
 35 mL/min

Lamp Current
Wavelength
Band pass
Flame Conditions
Lamp
Argon gas pressure
Gas flow to the mixer block
Gas flow to the separator
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(gold trap). After thermal desorption of MWCNT, 
the mercury vapor flowed with Ar gas and stored in 
another bag (bag 2, 1L) and mercury determined by 
CV-AAS and MC 3000.  The pilot plan for mercury
removal from air was shown in Figure 1.

3. Results and Discussion
3.1. Scanning electron microscopy images from
carbon nanotubes
The scanning electron microscopy (SEM) and
Transmission electron microscopy (TEM) images
of MWCNT and Ni-MWCNTs was shown in

Figures 2 and 3, respectively. Elemental analysis 
conditions showed that Ni-MWCNTs included 8% 
nickel and 90% carbon. Mercury was removed by 
sorbent 0.55% by Ni-MWCNTs (Table 2).

3.2. Adsorption efficiency for different amounts of 
MWCNTs
The adsorption efficiency with 25 mg of Ni-
MWCNTs and MWCNTs was examined for 
0.01-0.1 µg of mercury concentration by SGPR. 
According to the results, the adsorption efficiency 
for Ni-MWCNTs was more than 95% as compared 

Fig. 1. Scheme of pilot plan for mercury removal from air

Fig. 2. SEM (L) and TEM (R) images of multi-walled carbon nanotubes
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to MWCNTs (less than 70%). Also the RSD had 
different value from 5 to 8%. The results showed 
that the good recoveries for mercury removal 
by two sorbents were achieved in low and high 
mercury concentration (Table 3). 

3.3. Adsorption capacity of Ni- MWCNTs and 
MWCNTs
 In batch system, 10 mg L-1 of mercury standard 
solution (Merck) selected and injected in closed 
special glass (CSG) after put into Ni- MWCNTs 

 Fig. 3. SEM (L) and TEM (R) images of Nickel coated on multi-walled carbon nanotubes 

Table 2. Energy Dispersive X-Ray Analysis of Ni-MWCNTs (EDX) for mercury removal
Elt Line Int Error K Kr W% A% ZAF Ox% Pk/Bg Class LConf HConf Cat#

C Ka 676.1 80.3865 0.4213 0.2945 48.21 90.22 0.6107 0.00 37.86 A 47.66 48.76 0.00
Ni La 1269.7 6.5990 0.4792 0.3350 41.14 8.57 0.8142 0.00 26.05 A 40.79 41.48 0.00
Au La 7.0 0.5642 0.0839 0.0586 9.29 1.06 0.6307 0.00 2.41 B 8.25 10.34 0.00
Hg Ma 47.1 6.5990 0.0157 0.0110 1.36 0.55 0.8077 0.00 3.20 B 1.30 1.42 0.00

Table 3. Recovery of adsorption for different concentration of mercury from low to high range   (n=10; Mean SD of 
results ± 0.0032)

25 mg of NI-MWCNTs
Recovery (%)RSD%Found  desorptionPilot concentrations (µg)

94.4
97.5
95.3
97.4
97.6

0.670.009440.01
0.02
0.03
0.05
0.1

0.520.0195
0.730.0286
0.810.0487
0.760.0976

25 mg of MWCNTs
65.4
74.0
68.6
77.6
68.3

0.740.006540.01
0.02
0.03
0.05
0.1

0.630.0148
0.730.0206
0.540.0388
0.590.0683
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and MWCNTs as sorbents in CSG. After heating, 
the temperature increased up to 80 OC for 10 
min. The mercury was vapored and absorbed on 
sorbents. The results showed us, the absorption 
capacity (AC) of Ni- MWCNTs and MWCNTs for 
mercury removal was obtained 194.7 mg g-1 and 
64.4 mg g-1, respectively (Fig. 4). In temperature of 
50oC for 10 min, AC was decreased about 8% but 
after 20 min AC was similar to proposed procedure.

3. 4: Determine the optimum time and temperature 
for desorption 
For optimization of temperature, the rate of 
desorption at different temperatures was studied 
by SGPR. The maximum of desorption rates on 
the Ni-MWCNTs was achieved in 160-250°C. So, 
200°C was selected as an optimum temperature 
for desorption point by Ni-MWCNT. Based 
on the optimum temperature and after several 
experiments, the results showed that the best time 

Fig. 4. The absorption capacity (AC) of mercury vapor in Ni- MWCNTs and MWCNTs (n=10).

Fig. 5. The effect of time desorption of Ni-MWCNTs and MWCNTs by SGPR (n=10).
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for desorption high efficiency was about 2.33 min 
with average desorption efficiency equals to 94.5 - 
98.2% by peak area mode (Fig. 5).

3.5. Adsorption/desorption efficiency
 Removal efficiency and linear regression between 
the mean values of the mass adsorption and 
desorption by Ni-MWCNTs and MWCNTs have 
been shown in Figure 6. The mercury concentration 
(0.02-0.1 mg L-1) was used for calculating of 
removal efficiency by proposed procedure. Based 
on Figure 6 the removal efficiency of Ni-MWCNTs 
(25 mg) was more than MWCNTs (25 mg) as 
compared to adsorption/desorption procedure for 
mercury removal from air by 200 ml min-1.

3.6. Repeatability and retention time 
The retention time evaluated for 0.02-0.1 mg 
of mercury concentration for Ni-MWCNTs and 
MWCNTs in different temperature. For calculation 
of retention time, the two ends of sorbents tube with 
Ni-MWCNTs and MWCNTs were kept at zero 0°C 
and 25°C.  After various times, carbon nanotubes 
were desorbed in optimum conditions (200°C 
and 10 min) and then, this procedure followed in 
different times (1-5 weeks). The results showed 
us, the main mass of mercury in sorbent tubes was 
similar to primary mercury concentration after 

3 weeks by desorption procedures (0°C). But, in 
room temperature, only Ni-MWCNTs were stable 
mass after 1 week. So, Ni-MWCNTs is suitable 
sorbent for mercury removal from air  and saving 
in room temperature. The adsorption / desorption  
procedure for Ni-MWCNTs and MWCNTs was 
repeated based on  proposed method and  after  
flashing point , 25 and 27 usage times  was 
achieved as an optimum point for Ni-MWCNTs 
and MWCNTs, respectively. 

3.7. Discussions  
According to the results, Ni-MWCNTs were able 
to absorb mercury from air by SGPR. The atomic 
absorption spectrometer (GBC) Model (AAS–932 
Puls) with cold vapor technique (HG3000) was 
used for determination of mercury in air, liquid 
and gas. Previous studies have been researched 
to attract mercury vapor in gas/air [23-27]. In this 
study, the Ni-MWCNTs with average diameter of 
(less than 100 nm) were used to form a stationary 
phase (sorbent) of glass tubes containing a length 
of 10 cm, internal diameter of 4cm and external 
diameter of 6 cm [8, 9]. Shirkhanloo et al. used 
silver nanoparticles in glassy balls. They showed 
that silver nanoparticles (AgNPs) had good 
removal efficiency for mercury from air but it 
was more expensive as compared to our study. 

Fig. 6. The linear regression of adsorption / desorption for Ni-MWCNTs and MWCNTs 
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Also silver nanoparticles can be oxidizing by 
air, so storage is very hard in room temperature 
as compared to Ni-MWCNTs [7].  The average 
absorption rate and absorption capacity (AC) of 
mercury mass in different concentrations was 
increased by increasing the mass of nanotubes. 
In this study, the adsorption capacity of mercury 
for the Ni-MWCNTs (Ni→Hg) was obtained 194 
mg g-1 which was higher than other published 
methods (less than 170 mg g-1) and MWCNTs (64 
mg g-1). This amount is more than the adsorption 
capacity of adsorptions such as activated carbon. 
[30]. According to results in optimized conditions, 
it seems that the factors such as, concentration of 
mercury in air, the mass of sorbents, air flow rate, 
surface area, temperature, and type of the adsorbent 
effected on the adsorption efficiency of  mercury 
from air  up to 80%. Also, the other parameters such 
as layout of the sorbent tube, length, diameter, O2 
and H2O in air, had low affected less than 20%. The  
optimum  point  for  concentration  and  temperature  
desorption  was  obtained 1-50 µgL-1 and  200 °C, 
respectively. In other studies that designed on the 
activated carbon, graphene and carbon nanotubes, 
similar to proposed method [31, 32]. After one 
month, the retention time of mercury on Ni-
MWCNTs, at temperature of 0°C was obtained 
98.8% ± 1.05 was near to initial concentration 
amount. Many papers were used CNTs sorbents for 
removal mercury from air. The adsorption capacity 
of Ni-MWCNTs was higher than other sorbents 
such as MWCNTs, activated carbon and graphene 
which was previously reported.

4. Conclusions
In present work, a novel sorbent based on Ni-
MWCNTs was used for mercury removal from
air by SGPR. By proposed procedure, the Ni-
MWCNTs were synthesized and put on quartz glass
cell. By laboratory bench scale set up, mercury
generated in chamber and flowed to sorbent and by
amalgamation procedure mercury removed from
artificial pure air.  After optimizing conditions, the
adsorption and desorption point for Ni-MWCNTs
was obtained 20-45oC and 200oC, respectively.

The results showed us, the efficiency of mercury 
removal from air was more than 95% and less than 
65% for Ni-MWCNTs and MWCNTs, respectively. 
The removal recovery was decreased less than 
5 % in present of O2 and H2O by SGPR method. 
So, the Ni-MWCNTs introduced as novel sorbent 
with high efficiency for mercury removal from air 
in flow rate of 200 mL min-1 which was acted by 
physical and chemical adsorption mechanism. 
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1. Introduction marine, terrestrial and atmospheric environments 
is attracting significant attention from scientists, 
policy makers, and the public [2-7]. Microplastics 
are now naturally ubiquitous and have been 
detected in pelagic and neritic regions, deepest part 
of the ocean and highest (Tibetan Plateau) plateau 
of the world in significant quantities [6, 8-10]. In 
an effort to combat microplastic pollution, many 
governments in different continents worldwide 
have banned plastic use (especially single-use) 
and are encouraging recycling of plastics. Notable 
continents include Europe (England, Italy, Wales, 
Scotland, Germany), Asia (India, China, Bangladesh, 
Cambodia, Hong Kong, Indonesia, Malaysia, and 
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The importance of microplastics pollution studies in water 
and soil of Nigeria ecosystems

According to Plastic Europe [1], producing and 
using plastics are vital in creating a more sustainable 
future because of specific properties including 
their light-weight, versatility and durability. 
However, the proposed sustainable future is not 
sustainable since plastic (including macro, meso 
and microplastics) pollution is now potentially 
deleterious and harmful to global ecosystem. As 
an increasing global issue, microplastic (from the 
degradation of macroplastic) contamination in
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A B S T R A C T
The ubiquity of microplastics in the environment is a novel problem to scientist, 
public media, governmental and non-governmental organization. The major 
problem is from the difficultness in removing them from the ecosystem. Elsewhere 
studies are being conducted while in Nigeria studies are relatively lacking. 
Production (10.3 %) and consumption (6.5 %) of plastics is on the increase annually, 
thereby, causing an increase in the amount of plastic waste generated annually. 
This is turn may potentially causing high microplastics pollution in Nigeria. Many 
reports have shown that microplastics could cause harm to man, animals and 
plants and exposure (or ingestion) could come from air, water and soil. Few studies 
have been conducted in Nigeria and reports have suggested high abundance of 
microplastics in Nigeria freshwater system. Following these observations, there is 
a clear need for more detailed studies focusing on the quantitative and qualitative 
determination of occurrence of microplastics in Nigeria ecosystem. Finally, from 
such studies, data generated will provide insight and understanding into the extent 
of microplastic pollution in Nigeria. Furthermore, the data will be important not 
only for both remediation and minimization of effects, but could be employed in 
averting occurrence through policies such as ban on some types of plastic uses in 
Nigeria. In this study, four manually generally microplastic types (PVC, acrylics, 
polyesters, silicones) were evaluated for heavy metals (Pb, Cd, Hg, and As) 
adsorption at optimized pH by ETAAS.
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Taiwan), Australia, America (California, certain 
areas in Argentina, Brazil, Chile, and Colombia) 
while some African countries (Kenya, Mali, 
Cameroon, Tanzania, Uganda, Ethiopia, Malawi, 
Morocco, South Africa, Rwanda, and Botswana) 
have also banned plastic bags [11], though in 
principle but not in practice.  In Nigeria, the problem 
of plastic pollution still persist and potentially on 
the increase, even though there are existing laws 
that may tackle these problems [12], but are not 
implemented or are poorly enforced [13]. Plastic 
industry in Nigeria is receiving massive investment 
and thus experiencing significant growth. In Sub-

Sahara Africa, excluding South Africa, Nigeria is 
the largest importer of plastics technology. The 
plastic types produced and imported in Nigeria are 
thermoplastics comprised mainly of polypropylene 
(PP), polyamide (PA; PA6 + PA66), polyethylene 
terephthalate resin (PET), polyethylene (PE; high 
density-PE, low density-PE, Linear low-density-
PE), poly vinyl chloride (PVC), polystyrene (PS), 
acrylonitrile butadiene styrene (ABS), styrene-
acrylonitrile resin (SAN) and polycarbonate (PC) 
[14]. There is a strong steady increase in plastic 
production (Figure 1) and consumption (Figure 2) 
in Nigeria (with negligible recycling). In the last 

Fig. 1. Plastic production in Nigeria (Data source: [14]).

Fig. 2. Plastic consumption in Nigeria (Data source: [14]).
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decade, Nigeria’s plastics production has grown by 
10.3% annually, from 120 kt in 2007 to 436 kt in 
2018 and is estimated to be 523 kt in 2022 while 
consumption (by application) has grown by 6.5% 
annually, from 578 kt in 2007 to 1.148 kt in 2017 
and is estimated to be 1.478 kt in 2022 (Figure 2). 
Majority of plastic consumed (by application) is by 
packaging (55 %), 16 % by construction, 6 % for 
automotive and the remainder by various industries. 
So it is expected that the problem of microplastic 
pollution will increase as well (Figure 3), since 
there are currently no measure for curbing plastic 
waste in Nigeria. It is estimated that 10 % of plastic 
consumed annually in Nigeria end up as wastes 
in the environment and may continue to rise with 
increasing population. According to the estimates 
of United nations environment program [15], 6.4 
million tons of plastic litter enters the world oceans 
each year, of which Nigeria is a major contributor 
(9th largest emitters), largely through the river Niger 
[16]. The river receives its wastes mainly from 
inland waterbodies in the country. Furthermore, 90 
% of all the plastic that reaches the world’s oceans 
are from ten countries, with Nigeria as one of them 
[17-18]. 
	 Plastics persist in the environment and can 
“outlive” humans by several hundred years (e.g 
PET degradation time ranged from 450-1000 years 

while average lifespan of human is < 100 years). So 
the first produced plastics in 1907 called “Bakelite” 
may still be in the environment till now (if not 
recycled). Sadly, plastic production in Nigeria is on 
the increase annually. The steady and huge increase 
in production and consumption is responsible for 
high plastic waste generation in Nigeria (Figure 
3). Recent studies have shown that plastic is 
abundance in inland freshwater systems in Nigeria, 
often received from cities via surface run off [13]. 
Enyoh et. al., in 2019 [13] reported that plastic 
contributed 59 % of the 3487 macrodebris items/m2 
counted from shore of Rivers in Nwangele Local 
Government Area of Imo state. Similarly, a study 
of Cross River, Qua Iboe River and Jaja Creek in 
Akwa Ibom, Nigeria for suspended marine litter 
also reported high quantity of plastic (> 5000 kg/
m2) compared to other waste (can, foil etc < 1000 
kg/m2) [19]. Reports have shown that Macroplastics 
correlated strongly with microplastics indicating 
that wherever there is high abundance of 
macroplastics, there will be a corresponding 
high abundance of microplastics in that area 
[13,20]. Therefore, quantifying the abundance of 
microplastics and identifying their major sources in 
Nigerian environments is important to understand 
the potentially adverse impacts of microplastics to 
ecological systems in the country. 

Fig. 3. Plastic waste (estimated) generated from plastic consumption in Nigeria
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	 Extensive studies are being conducted in 
other countries regarding the occurrence, fate, 
and implication of microplastic in ecosystems [3-
4, 6, 8, 21-23], while similar studies in Nigerian 
environment are very scarce [13]. This is probably 
due to lack of awareness and/or lack of standard 
methods for analysis [24]. Many people including 
government officials and health workers are not 
aware of the dangers associated with microplastic 
pollution because they have been taught that 
plastic is a safe material. Microplastics can serve as 
vectors to toxic chemicals in the environment and 
due to their small sizes; they can easily be ingested, 
where it may pose particle and chemical toxicity 
as well as microbial toxins through formed biofilm 
[6].  To the best of our knowledge, few studies 
(n = 3) covering 7 areas have been conducted in 
Nigeria till date (Table 1). Three invertebrates (L. 
varicus., M. tuberculata and T. fluviatilis) studied 

from Osun river system as bioindicators for 
microplastics pollution in Nigeria revealed high 
quantity of fibre and three polymer types via PE, 
PP and nylon [25]. Briggs et al., focused on method 
development, however from re-interpretation 
of their results, one could say that there is high 
abundance of microplastics in surface water from 
Elechi creek (an area which experiences petroleum-
industry related activities) [26]. Reconnaissance 
survey indicated that microplastics may be made 
up of PE, PS, PET and PA [26].  Enyoh et. al., in 
2019 [13] reported small microplastics (11 µm) in 
surface water of Obiaraedu, Nwangele, Okumpi, 
Ogbajarajara and Onuezuze rivers which ranged 
from 440 to 1556 particles per liter. The shapes 
were generally fibre, film, fragment with PET, PE, 
PVC, PP as types of polymer. Overall studies have 
implicated significant microplastics pollution in 
Nigeria linked to anthropogenic activities.

Table 1. Available studies on microplastics in Nigeria ecosystem
Study area Region Media studied Method 

used
MP load Characteristics Remark References 

Size 
(μm)

Polymer 
type 

Shape/
form

Osun River 
(Osun state)

South 
Western, 
Nigeria

Invertebrates  
(L. varicus., M. 
tuberculata and 
T. fluviatilis; as
bioindicators)

Micro-FTIR 1.71 ± 0.46 
to 6.1 ± 1.05 

per g

0.2 PE, PP,
nylon 

Fibre, 
Film

Gives the 
first chemical 

identification of 
polymer types 
in freshwater 
invertebrates

[25]

Elechi creek 
(Rivers state)

South 
South, 
Nigeria

Freshwater N/A N/A N/A N/A N/A Work document 
for the first time, 
the sampling and 
sample extraction 
of microplastics in 

Nigeria.

[26]

Obiaraedu, 
Nwangele, 
Okumpi, 

Ogbajarajara 
and 

Onuezuze 
rivers (Imo 

state)

South 
Eastern, 
Nigeria

Freshwater Microscopy 440 to 1556 
particles/L

11 PET, 
PE, 

PVC, 
PP

Fibre, 
Film, 

Fragment

First report on MP 
quantification, 

distribution and 
composition of 

freshwater MP in 
Nigeria. Results 
from the study 

indicated high load 
of microplastics and 

provided baseline 
information for 

future assessments

[13]

N/A- not reported, FTIR-Fourier Transform Infrared Spectroscopy.
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	 In Nigeria, knowledge about microplastic 
contamination of the ecosystem is still negligible, 
while such studies have been conducted elsewhere, 
especially in Europe, Asia and America. 
Preliminary studies show that in Nigeria there 
are microplastics in freshwater system and may 
be on the rise with increasing plastic production 
and consumption. There is a clear need for more 
detailed studies focusing on the quantitative and 
qualitative determination of occurrence in Nigeria 
ecosystem [air (indoor and outdoor), soil (including 
soil animals) and water (surface and groundwater)]. 
Such studies will provide insight and understanding 
into the extent of microplastic pollution in Nigeria. 
Importantly, increasing attention and studies 
on atmospheric microplastic pollution would 
be particularly beneficial to the protection of 
ecosystems in Nigeria, since the country is most 
polluted in Africa and fourth in the world regarding 
air pollution [27]. Furthermore, studies have shown 
that microlastics may be consumed from open meal 
in the house from indoor airborne microplastics 
during fall out and high during cooking periods 
[8, 23]. Finally, similar studies would be very 
important in Nigeria, where cooking is mostly done 
with stoves, charcoal, firewood etc. Furthermore, 
habits such as microwaving of food are rampant 
in Nigeria. This has been fingered as one possible 

way by which microplastics enter our food.   
	 As stated earlier, heavy metals (with adverse 
effects associated with mutagenic, teratogenic 
and carcinogenic effects [28]) can be absorbed on 
microplastics and introduce as a major problem 
in environment [6]. Many methods used for 
determination heavy metals which were absorbed 
on microplastics from waters [29-32].  In an 
attempt to study this phenomenon, four manually 
generally microplastic types (PVC, acrylics, 
polyesters, silicones) were evaluated for heavy 
metal adsorption. Heavy metals such as Pb, Cd, 
Hg, and As was used with different concentration 
from 100-1000 μg L-1 in batch system with 20 
mg of microplastics by vary times (min). Results 
showed in pH=3-6 high adsorption was achieved 
by surface of microplastics (PVC) at 60 min (pH=4-
5). After, 60 min. the heavy metals desorption from 
PVC powder (1 g) with nitric acid 0.5 M(5 mL) 
and after dilution with 5 mL of DW, determined 
by atomic absorption spectrometry (AAS). The 
results showed, the  adsorption capacity for 
PVC for Hg, Pb, Cd, and As was obtained 68.4 
mg g-1, 52.3 mg g-1, 48.5 mg g-1 and 35.6 mg g-1, 

respectively(Hg>Pb>Cd >As). So, microplastics 
(PVC powder) help in the removal heavy metals 
from waters and convert to new solid pollution in 
waters which must be removed (Fig. 4-6). 

Fig. 4. The effect of pH on lead and cadmium extraction by microplastics 
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2. Conclusion
Microplastic studies are conspicuously absent
from the huge volumes of journal papers from
Nigerian authors. This unawareness is exacerbated
by the general belief that plastics are non-
toxic, biochemically inert and safe. Researchers
elsewhere in the world are exploring the validity

and veracity of this statement with many proposing 
that plastics degrade to microplastics and are 
responsible for the environment pollution called 
microplastics pollution. Occasionally microplastics 
absorbed toxic heavy metal from liquid matrix 
such as sea and rivers. In Nigeria, studies are not 
even a foot in understanding this pollution not to 

Fig. 6. The effect of pH on arsenic extraction by microplastics 

Fig. 5. The effect of pH on mercury extraction by microplastics 
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talk of awareness. Despite the potential toxicity, 
there is research currently focusing on method of 
quantification and identification of microplastics in 
Nigeria as well as its removal in freshwater system. 
Also, determination heavy metals in water and 
microplastics are very important. As a matter of 
fact, when fully understood and the adverse effects 
of microplastics on man, his plants and animals are 
supported with data, the Nigerian government and 
policy makers with call for a ban of plastics as is 
currently done in developed countries. Therefore, 
a call is made here for more studies and awareness 
of this pollutant because a stich in time serves nine.
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1. Introduction a particular element such as Hg, As, Pb and etc. 
Many metals determined by electrothermal atomic 
absorption spectrometry (ET-AAS) [1-9], flame 
atomic absorption spectrometry (F-AAS and 
FS-AAS) [10-18], atom trapping flame atomic 
absorption spectrometry (AT-FAAS), Hydride 
generation atomic absorption spectrometry, Cold 
vapor-atomic absorption spectrometry (HG-AAS, 
CV-AAS)[19, 20] and fluorescence spectrometry
(XRF) [21-24]. Also, direct current polarography
(DCP) [25, 26], differential pulse polarography
(DPP), neutron activation analysis (NAA),
inductively coupled plasma-optical emission
spectrometry (ICP OES) [27, 28], inductively
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A Review: Analytical methods for heavy metals 
determination in environment and human samples

Many different techniques have been applied 
for determination of heavy metal in different 
samples. Atomic absorption spectrometry (AAS) 
is a quantitative method of metals analysis 
which was suitable for the determination of 
70 elements by three option accessory (flame, 
furnace, Hydride generation). AAS measures 
the concentration of the metals by passing light 
(wave length emitted) by a radiation source of
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A B S T R A C T
Heavy metals are vital and necessary in our daily lives. Moreover, if the 
amounts of heavy metals are more than the acceptable amounts (mentioned 
by WHO) in soil, water, and air, indeed, they cause a lot of diseases in human 
bodies. Therefore, monitoring and measuring the amounts of heavy metals 
which are arduous and difficult are so important. In this review paper, a lot of 
studies which have been carried out on the determination and quantification of 
heavy metals in human bodies, soil, and water are considered. Moreover, the 
effect of toxicity of each heavy metal on human health is assessed. According 
to WHO, EPA, NIOSH, ACGIH, and clinical chemistry, determination of 
heavy metals such as Cd, Pb, Zn, Hg, Cu, Mn is very important in human 
body and Environmental matrixes. For example, the range concentration 
of heavy metals in human body such as, cadmium is about 0.3 to 0.98, and 
for cooper, it is about 0.01 – 1.107 ppm. In addition, most obtained results 
demonstrate that the lowest and highest range concentration of heavy metals 
in blood of human body has been equal to 0.56–8.78 ppm and 0.08 – 4.67 ppm 
respectively. Finally, in this review paper, the approaches of quantification 
of heavy metals using atomic absorption spectrometry, gas chromatography, 
inductively coupled plasma mass spectrometry etc. in human bodies, water, 
and soil are assessed.  
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coupled plasma- mass spectrometry (ICP-MS) 
[29, 30], UV-VIS [31],  HPLC-inductively coupled 
plasma-mass spectrometry (HPLC - ICP - MS) 
[32], electrophoresis(EP) [33], Anodic striping 
voltammetry (AVS) and inductively coupled 
plasma-mass spectrometry (ICP-MS) was used for 
heavy metal determination in different matrix [34, 
35]. Arida et al showed that the assessment of heavy 
and toxic metals in the blood and hair by modern 
analytical techniques in review paper. Heavy metals 
and toxic metal effect in blood and hair of some 
smokers was determined by modern analytical 
techniques. The levels of Hg, Pb, Cd, As, Se, Mn, 
Zn, Ni, and Cr were determined using inductively 
coupled plasma-atomic emission spectrometer 
(ICP-AES) [36]. A review procedure based on 
heavy metal analyzing in soil was developed with 
sequential extraction by Zimmerman et al in 2010. 
They showed that the quantification extraction and 
determination of heavy contamination in soil cannot 
give reliable results. They showed, the procedures 
of community bureau of reference (BCR) and 
geological society of Canada (GCS) procedures 
were examined to clarify benefits and limitations 
of each [37]. Also, determination of heavy metal in 
blood evaluated with AAS by Batool and Ahmad 
at 2018. The blood samples were divided into two 
parts .First for analysis of total blood and other for 
serum. By centrifuging the blood and serum sample 
separated. Serum after adding de ionized water 
analyzed by instrument after digestion. For whole 
blood samples wet digestion apply before analysis. 
Before analysis, blood samples were kept in 
freezer at 4 oC. In this study, wet digestion includes 
decomposition by acids carried out on hotplate 
and continued by AAS model Varian AA 240 [38]. 
Yuan Fu et al used Titanate/TiO2 as adsorption 
sorbent for heavy metals determination and 
adsorption by nanotechnology. The titanate/TiO2 
Nanomaterials were synthesized by Biomolecules 
(lignin). The titanate/TiO2 characterized by 
XRD, FESEM, TEM, FTIR and BET, and their 
adsorption for heavy metals were studied. The 
found the maximum adsorption capacity of heavy 
metal ions (Pb2+, Cu2+, Cd2+) based on procedure 

[39]. Zhang et al showed, the nanomaterials can 
be treatment in water and wastewater samples.  
They introduce a novel nanotehecnology which 
was used by researcher included, the synthesis 
and physiochemical properties of nanomaterials, 
carbon based nanomaterial, metal and metal 
oxides nanoparticles  were focused on removal 
of various heavy metals in water and wastewater 
[40].  Chromium speciation in natural water 
samples was developed by solid phase extraction 
procedure. Cr(VI) can be extracted with ammonium 
pyrrolidine dithiocarbamate (APDC) pasted on 
multi walled carbon nanotubes (MWNTs). The 
total chromium was determined by oxidation of 
Cr(III) to Cr(VI). The Cr(III) concentration is 
calculated by subtracting of total chromium and 
Cr(VI) [41]. Cr (VI) compounds, once inside the 
bloodstream, are actively transported into red 
blood cells (RBC) via nonspecific anionic channels 
and then rapidly reduced to Cr (III) which becomes 
bound to hemoglobin.  As canceroginic effect of Cr 
(VI) determination of Cr (VI) very important. Also,
in Figure 1, metabolism and formation of DNA
damage by CrVI at pH 7.4 are shown.

Zendehdel et al studied on a HAp/NaP 
nanocomposite by adding a synthesized nano-
hydroxyapatite to zeolite NaP gel.  They used HAp/
NaP for the removal of lead(II) and cadmium(II) 
ions from aqueous solution. This nanocomposite 
was characterized by FTIR, X-ray, SEM, energy-
dispersive X-ray analysis and thermal analyses 
[42]. Microwave-assisted method was used for 
synthesizing of graphene nanosheet/δ-MnO 2 (GNS/
MnO2) composite. TheGNS/MnO 2 as sorbent was 
used for removal of NI(II) from  waters. SEM, TEM 
and FTIR show that nanoscale δ-MnO 2  deposit 
well on GNS. The adsorption process was achieved 
in optimized pH [43].  Ojea-Jiménez et al showed 
that the removal of mercury from the Ebro River 
by Colloidal gold nanoparticles (Au NPs). Au NPs 
have been used for sequestration removal of Hg(II) 
from multicomponent waters. Under optimized 
conditions, sodium citrate was reduced Au NPs 
as the catalyst in the reduction of Hg(II), which is 
efficiently trapped in the presence of Cu(II) and 
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Fe(III) [44]. Many references existed for separation 
and preconcentration and determination based on 
LLME, SPE, MSPE, IL/MSPE, USA-MSPE etc. 
in water, human biological and food samples by 
nanotechnology [45-56]. Also many developed 
methods was reported by researchers by green 
solvents such as ionic liquid for extraction of heavy 
metals in different matrixes [57-88]. In addition, an 
advanced approach for separating As(III) and As(V) 
ions in environmental matrixes was presented by 
Soylak et al in 2009 [89]. In their research, when 
dilute KMnO4 was used to oxidize As(III), then the 
developed coprecipitation was used to determine 
total arsenic [89]. The difference between the total 
arsenic content and As(V) content was calculated as 
Arsenic(III) [89]. Moreover, in their study, hydride 
generation atomic absorption spectrometry (HG-
AAS) was used to determine arsenic levels. Also, 
after calculating the factor of preconcentration, it 
was found out that the factor was equal to 25. In 
addition, the detection limits (LOD) for As(V) was 
0.012 μg.L−1 [89]. A new approach for solid phase 
extraction (SPE) of gold(III) by using Dowex M 
4195 chelating resin was developed by Soylak 
et al in 2007 [90].  The quantitative sorption of 
gold3+, effect of flow rates, pH, sorption capacity, 
eluent types, and the effect of diverse ions on the 
sorption of Au3+ were investigated to find optimum 
experimental conditions [55]. In their work, for 

more than 100 cycles of sorption–desorption, the 
chelating resin was reused without any considerable 
change in sorption of Au3+ [90]. In their work, 
the preconcentration factor was calculated to be 
31. Detection limit (LOD) of Au was greater than
1.60 μg L−1 and the recovery values for Au3+ was
greater than 96% [90]. The adsorption capacity of
the resin was 8.1 mg.g−1. Their proposed approach
has been determining Au3+ in some real soil and
water samples were used and showed the best
results [90]. For characterizing As(III) biosorption
from aqueous solution, green algae (Ulothrix
cylindricum) biomass was used by Soylak et al in
2009 [91]. According to their studies, the biosorption 
capacity of Ulothrix cylindricum biomass was
equal to 67.2 mg g-1 [91]. The outcomes of their
work indicated that the processes of biosorption of
As3+ followed well pseudo-second-order kinetics
[91]. Separation of Cu2+ in environmental matrixes
by using solid phase extraction on multi-walled
CNT (carbon nanotubes) was studied by Soylak
and Ercan in 2009 [92].  The optimum adsorption
was obtained on MWNTs column in their study
when pH was equal to 7.0. The preconcentration
factor was equal to 60. Also, the detection limit
for Cu2+ was equal to 1.46 μg L-1 [92]. For atomic
absorption spectrometry, separation of trace heavy
metals in sediment, urine, and dialysis concentrates
by coprecipitation with samarium hydroxide was

Fig. 1. Metabolism, and formation of DNA damage by Cr (VI) at pH 7.4.
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carried out by Elci et al in 2003 [93]. In their 
study, the optimum pH for collecting trace heavy 
metals on samarium hydroxide was equal to 12.2. 
Also, coprecipitation occurs after 30 minutes, 
and when quantitative recovery is governed, and 
the precision is about 5% for the analytes [93]. 
Determining heavy Metals in plants, soil, and 
groundwater which followed high-rate sewage 
sludge was studied by Speir et al in 2003 [94].The 
pH of samples was less than 4. Also, during five 
years, the concentration of Zn in the soil reduced 
from 27 mg kg-1 to 0.04 mg kg-1. Moreover, based 
on their study, there is a direct relation between 
the concentration of heavy metals in plants and the 
concentration of heavy metals in the soil [94]. An 
advanced biological treatment plant for removing 
heavy metals in groundwater was presented by 
Scheeren et al in 2007.  Groundwater below the 
zinc production plant was contaminated with 
sulphate and heavy metals. To avoid contamination 
of nearby drinking-water aquifers in the future, a 
treatment plant for extracting contaminated ground 
water was established by them [95]. Effluent 
treatment based on activity of Sulphate Reducing 
Bacteria (SRB) for excess sulphide in solids for 
achieving the discharge criteria was designed by 
them. The reducing the sulphate to sulphide and 
thereby, precipitation of metal sulphides were 
obtained when anaerobic bacteria are there in the 
soil or the bacteria are injected [95]. 
	 Determination of trace heavy metals in 
harvested rainwater by ICP-MS was used 
by Malassa et al in 2018 [96]. Inductively coupled 
plasma mass spectrometry (ICP-MS) was used to 
quantify the content of each trace heavy metal (Cr, 
Co, Mn, Ni, Cu, Zn, Mo, Ag, Cd, Bi, and Pb) in a 
few rainwater samples. Their results indicated that 
that the concentrations of Cr, Mn, Ni, Ag, and Pb 
are more than the WHO limits in drinking water 
[96]. Contamination of heavy metals in sediments 
of the Karasu spring in Nigde, Turkey has been 
investigated by Yalcin and Narin in 2007 [97].  
A few sediment matrixes were collected from 
contaminant sites along the spring. Moreover, 
concentrations of heavy metals have been 

determined by X-ray Fluorescence Spectrometer 
[97]. The amount of Co, Cu, As, Sn, Ni, Zn, Ca, 
Pb, Al, Fe, Ti, Cr, and Mn contents of the Karasu 
creek sediments were equal to 18.30–69.00, 
12.40–595.0 5.50–345.3, 5.80–15.1, 10.9–64.1, 
28.90–103,300, 4.1–356.2, 7.70–37,840, 13,460–
109,400, 11,740–62,900, 22.18–59.04, 41.70–369 
and 12.09–3,480 mg/kg respectively. Moreover, 
according to their results, the presence of a 
contamination in the Karasu creek is obvious. In 
the case study, all the metal concentrations are more 
than acceptable limit values. In addition, in the 
Karasu creek and the Akkaya dam, eutrophication 
has been being developed. Also, it sounds that the 
accumulation of heavy metal in the creek is come 
from the discharge of mine quarries, domestic, and 
industrial wastes [97]. Separation of arsenic(III) and 
arsenic(V) by using Streptococcus pyogenes which 
has been immobilized on Sepabeads SP 70 resin 
has been considered by the approach of solid-
phase extraction by Uluozlu et al in 2010 [98]. In 
sample solutions, hydride generation atomic 
absorption spectrometry (HGAAS) has been used 
to quantify the arsenic levels [98]. Their procedure 
has been governed when recovery of As3+ was 
more than 95%. Moreover, recovery of As5+ which 
was obtained was less than 5%. By using KI and 
ascorbic acid, As(V) has been reduced; in addition, 
after 1 hour later, for determining total arsenic, their 
system has been applied. As5+ has been calculated 
by subtracting the total As from As(III) content 
[98,99]. Some experimental parameters such as 
pH, amount of microorganism, sample volume 
have been assessed in their study. The capacity of 
biosorbent for As3+ has been equal to 7.3 mg g-1. 
The preconcentration factor has been found to be 
equal to 36 [99]. The relative standard deviation 
has been obtained less than 8% [99]. Moreover, 
the contamination of trace heavy metal ions in 
drinking water samples has been investigated by 
Tuzen et al in 2005.  According to their studies, 
if the amount of lead in drinking water samples is 
more than 10 microgram per liter, brain tissues and 
kidneys will be damaged [100].  Assessment of the 
amount of each metal in Drinking Waters from the 
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Tokat-Black Sea Region of Turkey was studied by 
Tuzen and Soylak in 2006. In their study, atomic 
absorption spectrometry was used to determine the 
amount of Cr, Ni, Cu, Mn, Zn, Fe, Co, and Al ions. 
According to their study, the amount of the heavy 
metals was lower than the maximum acceptable 
limits which were set by the World Health 
Organization [101-138]. In this review paper, 
the amounts of heavy metals and their toxicity in 
water, soil, air, and human bodies which have been 
studied and quantified by other researchers during 
the last decade are considered. 

2. Experimental
Kaipei Qiu used ultrafine mesoporous magnetite

nanoparticles (UFMNPs) for removal of heavy 
metals from waters (Scheme 1). Ultrafine magnetite 
NPs(UFMNPs, Fe3O4) were synthesized by co-
precipitation method and successfully used as 
adsorbents for the removal of Pb2+, Cd2+, Cu2+, and 
Ni2+ ions from contaminated river water. Also, the 
adsorption/desorption tests demonstrated that the 
ultrafine Fe3O4 NPs were reusable and can be used 
several times [139].
	 Gollavelli et al and Luo et al used Magnetic 
Graphene and magnetic chitosan/cellulose 
microspheres for removal of heavy metal from 
dinking waters, waters [140,141]. Mahmoudi 
,Chen and Neyaz can be extracted heavy metals 
from different matrix by iron oxide nanoparticles 
(SPIONs), Fe3O4 @ SiO2  and functionalized iron 

oxide nanomaterials [142-144]. Tuzen et al showed 
a novel method based on switchable hydrophilicity 
microextraction syringe system (μS-SHS) by 
electrothermal atomic absorption spectroscopy 
(ETAAS). The proposed method was developed 
for separation and determination of vanadium in 
waters by complexing 2-(5-Bromo-2-pyridylazo)-
5-diethylaminophenol (5- Br-PADAP). In this
study, LOD, EF, and RSD were achieved 7.5 ng
L-1, 120 and 2.91 %, respectively. In addition,
the μS-SHS is consisting of micropipette tip and
syringe system was designed. First, the 10 mL of
real sample was placed on beaker and then, 5- Br-
PADAP solutions as ligand were used by sucking
into syringe system. Finally, 0.1  mL of decanoic
acid  as a hydrophobic effect sucked into to solution
which was followed by 500 μL of 1.0 mol L-1
Na2CO3 solution as  a switchable hydrophobicity
for the decanoic acid (CH₃(CH₂)₈COOH) in liquid
phase. The surface response methodology was used
to calculate response surface between [pH]/[V of
SHS] and [pH]/[V of Na2CO3] of the vanadium.
The results showed, high recovery based on 112
μL of SHS and 624 μL of Na2CO3 was obtained
at pH=3.28. The design of experiments (DOE)
was used for analyzing data and optimizing by
surface response methodology [102]. Xiaogang
Luo et al explained a novel sorbent for absorption
heavy metals from waters. The carboxyl decorated
magnetite (Fe3O4) nanoparticles (MN-CA) were
obtained by modifying the magnetite surface with

Scheme 1. SPE method for extraction heavy metals from liquids
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citric acid. .In this research, the combination of 
specifically modified magnetic nanoparticles and 
activated carbon(AC) to cellulose may create new 
nanocomposite adsorbents, which possess high 
adsorption capacity for heavy metals removal and 
easy recovery by magnetic field. It could be deduced 
that electrostatic attraction between negatively 
charged magnetic cellulose-based beads (MCB) 
samples and positively charged Cu2+, Pb2+, and 
Zn2+ was the initial driving force of heavy metals 
binding to the adsorption site of the adsorbents 
[145]. Researcher such as Shannon, Luo, Gericke, 
Karami and Zhao et al worked for removal heavy 
metals from water, water Purification, wastewater 
treatment and methyl orange removal by novel 
technique with different sorbents such as; activated 
magnetic cellulose Microspheres, functional 
cellulose beads, magnetite nanoparticles,and 
hierarchical MWCNTs/Fe3O4/PANI magnetic 
composite [146-150]. For determining the amount 
of metals in drinking water samples, the Perkin 
Elmer Analyst 700 atomic absorption spectrometer 
was used by Tuzen and Soylak in 2006 [101]. A 
10 cm long slot-burner head, a lamp and an air-
acetylene flame were applied. In solid phase 
extraction (SPE) studies, a glass column with 100 
mm high and 10 mm in diameter was applied [101]. 
The solid phase materials such as Amberlite XAD-
1180, Amberlite XAD-4 and Diaion HP-2MG was 
purchased, and they were prepared with the washing 
steps as reported previously in literature. They 
collected the drinking water samples in prewashed 
(with detergent, doubly de-ionized distilled water, 
diluted HNO3 and doubly de-ionized distilled 
water, respectively) polyethylene bottles from eight 
stations in Tokat and villages around Tokat in July 
2004. The samples were obtained from the water 
pump directly after the water had run for at least 
twenty minutes. They filtered the samples by using 
a Millipore cellulose membrane with a 0.45 µm 
pore diameters [101]. After the process of filtration, 
nitric acid was used to acidify the samples to 1%, 
and then the samples were stored in 1 L polyethylene 
bottles. The samples were thereby stored at 4 °C for 
a short time, afterwards they were analyzed until the 

changes of the physicochemical form of the metals 
were minimized [101]. Electroplating industry, 
tanneries, electronics manufacturing industry, coal-
fired power plants and mining operation are key 
sources of heavy metal pollution in water [151].  
Lead (Pb) is discharged into water sources from 
various industries and is highly toxic to human 
beings even at trace concentrations. Maximum 
contaminant level of Pb(II) in drinking water is set at 
15 μg L−1 by US Environmental Potential Agency 
(US EPA). Chromium(Cr), another toxic heavy 
metal pollutant, is mainly present in the effluents 
of leather tanning, electroplating and chromate 
preparations. Chromium is found in two oxidation 
states Cr(III,VI) and Cr (VI) is more toxic. World 
Health Organization (WHO) guideline for Cr(VI) 
in drinking water is 50 μg L−1. So determination 
and separation this pollutant from waters with 
novel technique based on sorbent adsorption is very 
important [151].  Santhosh et al showed lead and 
Cr simply extracted from water solutions by PG-C 
and CNF-C [151]. By using thermal process, cobalt 
ferrites (CoFe2O4) paste on porous graphene (PG) 
and carbon nanofibers (CNF)), which was named 
PG-C and CNF-C nanocomposites as magnetic 
adsorbents [151]. In Figure 2, removal of heavy 
metals using nanographene is shown. 
	 Sarika Singh et al used a functional oxide 
nanomaterials and nanocomposites for the removal 
of heavy metals and dyes in liquid phase. They 
showed that the oxide-based nanomaterials, such 
as Fe3O4, ZnO and TiO2 for the removal of different 
toxic metals and organic dyes at optimized pH. 
Magnetic nanoparticles as excellent sorbent can be 
used as highly effective, efficient and economically-
viable for removal toxic metals with advantages of 
easy separation under a magnetic field for reuse. 
Shen et al have observed that the adsorption 
efficiency of Ni2+, Cu2+, Cd2+ and Cr6+ ions by 
Fe3O4 nanoparticles is strongly dependent on pH, 
temperature, and the amount of the adsorbent. In 
optimized conditions, 3.5 mg mL-1 dose of nano-
adsorbent with an optimum pH=4 was used for 
removal heavy metals from contaminated water 
[152]. Phoebe Zito Ray et al studied on Inorganic 
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nano-adsorbents for the removal of heavy metals and 
arsenic in aqueous solutions. They were explained 
that metal oxides and CNTs as nanoadsorbents 
were used for heavy metal removal in aqueous 
solutions. Phoebe Zito Ray et al  used the iron 
oxide (hematite, magnetite and maghemite), carbon 
nanotubes (CNT), and metal oxide based (Ti, Zn) 
and polymeric nanoadsorbents for this study. Based 
on reults, metal oxides can have increased surface 
area and possess favorable sorption to heavy metals. 
ZnO nanoplates showed complete removal of Cu2+ 
in aqueous solutions [153]. Recently, CNTs and 
nZVI synthetized by coupling these nanomaterials 
and was efficient used for removal of Cr(VI), Se 
and Co from polluted water by Giorgio Vilardi et 
al. Regeneration studies were performed fixing 
CNTs-nZVI concentration and the initial metal 
concentration equal to 10 mg L-1, as already reported 
in a previous study [154]. Experimental results of 
adsorption batch tests showed that the removal 
efficiency of nanomaterials was in decreasing order: 
CNTnZVI>nZVI>CNTs>CNTs-nZVI, except for  
the Cr(VI) that nZVI was the most efficient 
material. Furthermore, the removal of Cr(VI) was 
found to not be affected by varying the pH in the 
case of using nZVI, but decreased with increasing 
pH when using the other three nanomaterials [154]. 
Also, Majed Alrobaian and Hassan Arida studied 
on Assessment of Heavy and Toxic Metals in the 
Blood and Hair of Saudi Arabia Smokers Using 
Modern Analytical Techniques. The levels of some 

selected heavy and toxic metals (e.g.; Hg, Pb, 
Cd, As, Se, Mn, Zn, Ni, and Cr) were determined 
using inductively coupled plasma-atomic emission 
spectrometer (ICP-AES). Prior to the analysis, the 
blood and hair samples of Saudi Arabia smokers 
were collected, treated, and digested by microwave 
digestion system. The validation measurement of 
ICP-AES was performed using working calibration 
solutions of the investigated toxic heavy metal 
ions (Hg, Pb, Cd, As, Se, Mn, Zn, Ni, and Cr) 
[155]. Kaiser, Zheng and Feng was introduced a 
novel two-dimensional polymers synthesis with 
nano size in water which was different application 
such as heavy metal removal. They reported the 
controlled synthesis of few-layer two-dimensional 
polyimide crystals on the surface of water through 
reaction between amine and anhydride monomers, 
assisted by surfactant monolayers [156]. Heavy 
metals such a lead or cadmium has devastating 
health effects on human body. So, removal of heavy 
metals from industrial wastewater and drinking water 
is very important. Rosillo-Lopez et al showed that 
carboxylated graphene nanoflakes (cx-GNF)  and 
nano-graphene oxide (nGO) can be extracted Fe2+, 
Cu2+, Fe3+, Cd2+ and Pb2+ ions from water sample. 
The sorption capacity for Pb2+, , is more than six 
times greater for the cx-GNF compared to GO 
which is attributed to the efficient formation of lead 
carboxylates as well as strong cation–π interactions 
[157]. Zhao et al introduced a novel multi-
throughput dynamic microwave-assisted leaching 

Fig. 2. Removal of heavy metals using nano-graphene [151].
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(MDMAL) combined with ICP-AES was used for 
the simultaneous determination of Cu, Mn, Zn and Pb 
in soil. The MDMAL method was more rapid than 
the simple digestion method or microwave digestion 
process and could be an alternative approach for the 
analysis of heavy metals in solid samples [158]. Aaron 
et al reported an efficient chemical strategy for the 
crosslinking of polymer chains based on the N- and 
C- of proteins(CPC→N/C-P), producing hybrid
hydrogels which was related to biomolecules. This
compound is largely independent of the protein’s
sequence; it can in principle be used to incorporate
of polypeptide into a polymer based on uniform
linkages. They used cysteine for this strategy to
convert metallothioneins into a recyclable polymer
gel that can remove heavy metals from water
samples [159]. Shirkhanloo  et al reported a novel
method based on amine-functionalized mesoporous
silica UVM-7 as nanoadsorbent  for manganese
(II) and manganese (VII)  extraction in waters by
ultrasound assisted-dispersive-micro-solid phase
extraction (US-D-μ-SPE) procedure. They were
used NH2-UVM7 for speciation of Mn(II) and
Mn(VII) ions at pH of 8 and 5, respectively  which
was determined by(AT-F AAS. The validation of
the method was also performed by the standard
reference material [160]. Also, Shirkhanloo et al
introduced a carboxyl-functionalized nanoporous
graphene (NG-COOH) as solid phase sorbent for
speciation of trace Hg (II) and R-Hg (CH3Hg+ and
C2H5Hg+) in waters by US-D-IL- μ-SPE (pH=8).
Ionic liquid was used for trapping of sorbent
from water sample. After back extraction, Hg (II)
concentration determined with flow injection-
cold vapor-atomic absorption spectrometry (FI-
CV-AAS) [161].  Also they were reported a new
method based on ultrasound assisted-dispersive
solid-liquid multiple phase microextraction (USA-
DSLMPME) for speciation of trace amounts of
inorganic arsenic (III and V) and total organic
arsenic (TOA) in waters and human urine samples.
By procedure NH2-UVM7 were immersed in
ionic liquid (IL) as an extraction phase. Then, the
mixture of NH2-UVM7 and IL/acetone [HMIM]
[PF6]/AC) was injected to sample at pH of 3.5.

After ultrasonic, As(V) anion extracted by binding 
to amine group. Total amount of inorganic arsenic 
(TIA) was determined after oxidization of As(III) 
to As(V) by ETAAS and  As(III) was calculated by 
the subtracting TIA and As(V) content [162]. 

3. Results and Conclusions
Kaipei Qiu was introduced a novel adsorption
process for heavy metals from waters. In the
adsorption process, the desorption and repeatability
are significant parameters for developing new
adsorbents for practical applications. The heavy
metals such as, Pb2+, Cd2+, Cu2+, and Ni2+ were
adsorbed by UFMNPs  which was shown in Scheme
2. The adsorption kinetics is one of the important
characteristics defining the effectiveness of an
adsorbent, which describes the solute uptake rate by
controlling the diffusion process and the residence
time of an adsorbate uptake at the solid/solution
interface. The results in this quaternary Pb–Cd–
Cu–Ni system indicated that the rate constant of
Pb2+ (0.045 g mg–1 min–1) was higher than the rate
constants of Cu2+ (0.008 g mg–1 min–1), Cd2+ (0.005
g mg–1 min–1), and Ni2+ (0.003 g mg–1 min–1), further 
demonstrating the strong affinity of Fe3O4 NPs for
Pb2+[139].

Soylak and Tuzen studied on the amounts of 
Cr, Cu, Ni, Zn, Mn, Fe, Co, and Al in drinking 
water samples based on novel extraction technique 
using atomic absorption spectrometry in Turkey. 
According to their studies, the concentration of Cr 
in natural water was often very small.  Based on 
results, the hexavalent form of chromium (Cr VI) is 
ranged between 3.14 and 6.08 µgL-1. The mean of 
Cr levels in the waters of the area of Turkey was 
equal to4.40 µgL-1. Maximum tolerable limit of 
concentration of total chromium in drinking water 
was less than 50 µg L-1 (Tlv of chromium by WHO 
> 50 µg L-1) [101]. The permissible value of Ni in
drinking water was less than 20 µg L-1. The mean
level of Ni in the water samples, in the area of
Tokat, Turkey was equal to 3.82 µg L-1 which was
lower than standard references such as EPA, WHO.
Also, according to their study, the drinking water
sample from Turhal was the highest nickel value
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(5.35±0.28 µg L-1) and the city center of Tokat was 
the lowest (2.16±0.19 µgL-1) [101]. They showed, 
the amount of Cu was in the range of 4.44-7.43 
µgL-1. In Erbaa, Turkey, Cu was substantially lower 
than the permissible limit defined by WHO (1.0 
µgL-1) in drinking waters [101]. In addition, mean 
level of concentration of Cu was equal to 6.01 µg 
L-1. Therefore, no contamination of Cu was there
in the drinking water samples. The guideline value
for zinc in drinking-water is given as 5.0 mg/l by
WHO. The concentration of Zinc ranged from
4.16 to 8.44 µg L-1 in the drinking water samples.
The mean level of zinc was obtained 6.12 µg L-1,
which was more than the permissible limit value
(5.0 mg/L-1) [101]. Many published methods
were reported for determination and sample
preparation of heavy metals in water and biological
samples [Table 1-3]. Chromium speciation based
on acetylcysteine (NAC) by dispersive liquid–
liquid bio-microextraction was achieved in human
blood samples by shirkhanloo et al. By method,
Ionic liquid (1-hexyl-3-methylimidazolium 
hexafluorophosphate) was rapidly injected into
the blood samples containing Cr3+, which have
already complexed by NAC at pH from 5 to 8. By
optimizing, the linear range, limit of detection and
preconcentration factor were achieved 0.03–4.4 µg
L−1, 0.005 µg L−1, and 10 respectively [163,164].
Also, chromium speciation was reported by other

researcher [165-172]. Xiaogang Luo et al explained 
a novel sorbent for absorption heavy metals 
from waters by syntesis of MCB. The carboxyl 
decorated magnetite (Fe3O4) nanoparticles (MN-
CA) were obtained by postmodifying the magnetite 
surface with citric acid. The nanoparticles of Fe3O4 
were added to 0.1 M citric acid under ultrasonic 
condition for 45 min, and the reaction was kept 
for 4 h at room temperature. A magnet was used to 
separate the MN-CA, and then the prepared MN-
CA samples were rinsed thoroughly with acetone 
and double distilled water. The proposed method 
based on MN-CA followed by Scheme 3 for 
adsorption heavy metals from waters [145].

	 Naeemullaha et al showed, the effect of main 
parameters on extraction of vanadium in waters 
was evaluated by μS-SHS procedures [102].  
For optimizing, Statistical assessment of μS-
SHS method, Screening and optimization of 
experimental variables and selectivity of the μS-
SHS method was studied and finally, the method 
was validated by CRM (SLRS-4 Riverine water 
samples). The optimization of experimental 
variables followed with screen out of the volume 
of SHS, pH, volume of Na2CO3 and volume of 
H2SO4 solution as a extraction efficiency with 
t-value (95 %) of 2.365. The simple, fast and
switchable hydrophilicity microextraction (SHM)
couple with ETAAS through micropipette tip

Scheme 2. Removal of heavy metal Ions by desorption process [139]
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syringe system (μS-SHS) was used for separation 
and determination of vanadium in food and water 
samples. The μS-SHS method introduced an ideal 
sample preparation for vanadium extraction. The 
simple, fast and applied method based on SHM had 
good efficiency as compared with conventional 
methods for extraction of vanadium [102]. Also, 
the proposed method  based on μS-SHS compared 
with published method and results showed high 
precision and accuracy results with low LOD and 
RSD (Table 1). Moreover, the graphical abstract of 
the μS-SHS was shown in Figure 3.

	 Many separation methods were used for 
determination of ultra-trace metals in different 
matrix, such as Liquid-liquid microextraction, 
dispersive liquid–liquid microextraction, solid-
phase microextraction, selective dispersive 
micro solid-phase extraction, traditional organic 
solvents, and switchable solvent, ultrasound 
assisted-dispersive-ionic liquid-micro-solid phase 
extraction and ultrasound assisted-dispersive 
solid-liquid multiple phase microextrbased on 

action [Table 1-3]. Kaiser, Zheng and Feng 
used a novel two-dimensional polymers crystals 
(TDPC) synthesis with nano size in waters through 
reaction between amine and anhydride monomers 
by surfactant monolayers. They showed high 
crystallinity polymers (CsP) with thickness (2 -3 
nm) and an crystal size (3.5 μm2). The molecular 
structure of the materials, were characterized using 
X-ray scattering and TEM. The structure and TEM
was shown in Figure 4. The formation of CsP is
attributed to the pre-organization of monomers
at interface phase (water- surfactant). Finally,
micrometre-sized and few layer TDPC were grown.
This material was used in different application such
as removal heavy metals [156].

Rosillo-Lopez et al used carboxylated graphene 
nanoflakes (CX-GNF)  and nanographene oxide 
(GO) for extracting of heavy metals such as,  Fe2+, 
Cu2+, Fe3+, Cd2+ and Pb2+ in waters.  The carboxylic 
acid groups (cx-GNF) have strong binding with heavy 
metal cations.  CX-GNF with additional chemical-
functionalization procedures can easily compete 

Table 1. The proposed method  based on μS-SHS compared with published method [102] 
Sample prepration Technique SV RSD% LOD (μg.L-1) EF/PF References

SPE ICP-OES 10 3.4 0.06 45 68
CPE approach Spectrometric …. …. 1.4 …. 70
CPE ETAAS 50 …. 0.042 125 71
μS-SHS ETASS 10 2.2 0.0075 120 76

Scheme 3. depiction of preparation of MCB and the adsorption mechanism of heavy metal ions by MCB [145].
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with other carbon materials such as G and GO for 
heavy-metal extraction (Fig. 5). Furthermore, the 
cx-GNF material extracted Pb2+ ions in the presence 
of excess Ca2+ or Mg2+ cations which were already 
existed in environmental matrix. So, the CX-GNF 
material showed the highest potential for extraction 
of heavy-metal from water as compared to other 
graphene materials [157]. Zhao et al used multi-
throughput dynamic microwave-assisted leaching 
(MDMAL) for determination of Cu, Mn, Zn and 
Pb in soil . This method combines the microwave 
and dynamic leaching technique for five samples 
within 15 min (Fig. 6). HNO3 aqueous solution was 

Fig. 3. The graphical abstract of the μS-SHS [102].

Fig. 4. The structurea and b) TEM of two-dimensional polymers crystals (TDPC)[156]

      Fig. 5. Heavy metal extraction by cx-GNF.
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employed as leachant at a flow rate of 1.5 mL min−1. 
The leaching condition were above 95% for Cu, Mn, 
Zn, Pb and lower for Cr, Cd, Ni and Co, compared to 
the conventional method. The mean of RSD of intra- 
and inter-day of Cu, Mn, Zn, and Pb were 4% and 6%, 
respectively. The proposed method was more rapid 

than the conventional digestion method and could 
be an alternative approach for the analysis of heavy 
metals in complex solid samples [158].
	 Aaron et al, showed that, the crosslinking of 
polymer chains based on the N- and C- of proteins 
(CPC→N/C-P) was used as a key of the proteins 
which was captured trace amounts of heavy metals 
such as cadmium in the presence of innocuous ions 
in contaminated water sample. Protein-cross-linked 
hydrogels introduced for sequestration of heavy 
metal ions in water samples. As Figure 7, the Pea 
metallothioneins (PMTs) can capture toxic metal 
ions by condensing to form binding pockets. The 
synthetic route to access these materials involves 
the introduction of ketones on both protein 
termini. These groups are then used to cross-link 
alkoxyamine-substituted polymers through oxime 
formation [159]. Shirkhanloo et al used NH2-UVM7 
based on US-D-μ-SPE method for speciation of 
manganese in water samples. The batch adsorption 

Fig. 7.  Pea metallothioneins (PMTs) can capture toxic metal ions a) Condensing to form binding pockets  b) Ketones 
used to cross-link alkoxyamine-substituted polymers [159]

Fig. 6. Heavy metal extraction by MDMAL
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capacity of NH2-UVM7 for Mn(II) and Mn(VII) 
ions was found to be 1733 μmol g−1 and 570 μmol 
g−1, respectively. In optimized parameters, LOD 
(3Sb/m), and LOQ (10Sb/m) were 0.007 μg L−1 and 
0.03 μg L−1 for Mn(II). The mean preconcentration 
factors for Mn(II) and Mn(VII) were calculated as 
102.3 and 98.8 with RSD about 2.8%, respectively 
(Fig. 8). The regression equations for the calibration 
curves of Mn(II) and Mn(VII) were A=9.8438 
C+0.0053 (R2=0.9997), and A=9.6922 C+0.0045 
(R2=0.9995), respectively [160]. In addition, 
Shirkhanloo et al used NG-COOH for speciation of 
trace mercury in waters by US-D-IL- μ-SPE. Under 
optimized conditions, the linear range, LOD and 
PF/EF were obtained 0.03–6.3 μg L−1, 0.0098 μg 
L−1and 10.4 for caprine blood samples, respectively. 
The developed method was successfully applied to 
natural water and human/caprine blood samples. 
In order to validate the method described, two 
certified standard reference materials, NIST-SRM 
995c (mercury species in caprine blood) and NIST-
SRM1641e (total mercury inwater), were analyzed 
by US-D-IL- μ-SPE [161]. They used NH2-UVM7 
based on USA-DSLMPME for speciation of trace 
amounts arsenic (III and V) in waters and human 
urine samples. The linear range, LOQ (3σ), RSD% 
and EF for As(V)were obtained 0.02–1.65 μg 
L−1, 11 ng L−1, 4.3% and 100.5. The recoveries 
(95–102% ) was achieved by certified reference 
material in urine (NIST-SRM). The mean of LOD 

was obtained 3.3 ng L−1 and 2.7 ng L−1 for human 
urine and standard samples, respectively (intra-day, 
Mean of LOD = 3)[162].

3.1. Chemistry techniques for heavy metals
Also, many chemistry techniques were reported in 
published papers for separation, extraction, precon-
centration and speciation metals in different ma-
trixes (Table 2). Recently, the liquid-liquid extrac-
tion methods (LLE) were used for separation and 
determination heavy metals from water and human 
biological samples. Some of LLE techniques such 
as, ultrasonic-thermostatic-assisted cloud point 
extraction procedure (UTA-CPE-FAAS), aqueous 
solvent-based dispersive liquid-liquid microextrac-
tion (AS-DLLME), cloud point extraction - slotted 
quartz tube-flame atomic absorption spectrometry 
(CPE-SQT-FAAS), surfactant-assisted dispersive 
liquid–liquid micro-extraction (SA-DLLME-FAAS), 
switchable liquid-liquid microextraction (SLLME-
SQT-FAAS), surfactant-Based Dispersive Liq-
uid-Liquid Microextraction based on FAAS(SB-
DLLME-FAAS),  vortex-assisted DLLME based 
on voltammetric (VA-DLLME-VM), microwave-
assisted extraction - inductively coupled plasma-
optical emission spectrometry (MAE-ICP-OES), 
Ionic liquid-based microwave-assisted disper-
sive liquid-liquid microextraction (IL-based MA-
DLLME), Ionic liquid-based dispersive liquid-
liquid microextraction (IL-DLLME), Ionic liquid 

Fig. 8. Procedure of Mn speciation based on NH2-UVM7 by US-D-μ-SPE procedure [160].
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Table 2. Solvent extraction for determination and separation of heavy metals in different matrix [173-197]
Sample Metals Method Solvent /Ragent EF/PF LOD μg L−1 Ref.
Wastewater Cd DLLME/SQT-FAAS DPC 93.3 0.5 [173]
Milk
Vegetables 
Foodstuffs 

V(V) and Mo(VI) UTA-CPE-FAAS Nile blue A - 
PONPE

145 and 115 0.86 and 1.55 [174]

Parsley Cd CPE-SQT-FAAS DPC 60 0.0007 [175]
Tap
River 
Well water

Zn SA-DLLME-FAAS PAR ----- 0.5 [176]

Wastewater Co DLLME/SQT-FAAS DPC 86.56 0.97 [177]
Tea 
vitamin B12 

Co SLLME-SQT-FAAS Schiff base ligand 107.7 3.1 [178]

Food 
Water Samples

Cu(II) SB-DLLME-FAAS Triton X-114 50 1.61 [179]

Milk Cd(II), Cu(II), Pb(II) DLLME/FAAS TDES ---- 0.38–0.42  [180]
Chocolate Ni PV-IS-DLLME APDC 17 100.0  [181]
Urine Hg VA-DLLME-VM AuNPS-PE --- 1.1 - 1.3 [182]
human blood Cr(III and VI) CP-DILLME-ET-AAS IICDET 25.2 0.0054 [183]
Human serum Cd DLLME-ETAAS TSILs 10.2 0.005 [184]
Human blood Cr(III and VI) IL-DLLBME-ETAAS NAC 10 0.005 [185]
Biodiesel Na, K, Ca and Mg RP-DLLME/FAAS Iisopropanol,HNO3, ---- 0.006- 0.026  ]186]
Water Ta (I), Ta (III) IL DLLME-ET-AAS [C6MIm][PF6] 100 3.3 ng L−1 [187]
Cosmetic Hg (II), MeHg+ ,EtHg+ HPLC-ICPMS [C6MIm][PF6] 760, 115, 235 1.3 ng L−1 [188]
Wines As (III) DLLME-ETAAS [C8MIm][PF6] ---- 5.0 ng L−1 [189]
Water Cu(II) DLLME-FAAS [C4MIm][PF6] or 

[C16C4Im][Br]
54 3 300 ng L−1 [190]

Water and 
leaves 

Rh (III) US-IL DLLME-FAAS [C8MIm][NTf2] ---- 0.37 [191]

Water V (IV) and V (V) TC-IL DLLME-ETAAS [C4MIm][PF6] ---- 0.0049 [192]
Tea, Soda 
Beer
Milk 

Se (IV) USA-IL-DLLME-
ETAAS

[C6MIm][NTf2] 150 12 [193]

Water Au, Ag MRTILs- DLLME-
ETAAS

[C5(MIM)2][NTf2]2 245 and 240 3.2 and 3.7 [194]

Food Zn, P, Cd, Pb, Fe, Mn, 
Mg, Cu, Ca, Al, Na, K

MAE -ICP-OES MAE ---- 0.01 mg kg−1 
-7.8 mg kg−1

[195]

Water Pd and Pt CPE-ICP OES MBT --- 0.525 and 0.752  [196]
Water serum Cu(II) IL-mE-DLLME-CPE-

ETAAS
Oxine-IL 70 0.132 [197]

EF: Enrichment Factor 
UTA-CPE-FAAS: ultrasonic-thermostatic-assisted cloud point extraction procedure 
AS-DLLME: Aqueous solvent-based dispersive liquid-liquid microextraction
DPC: Diphenylcarbazone 
Nile blue A:  9-(diethylamino)benzo[a]phenoxazin-5-ylidene]azanium; sulfate-PONPE 
(polyoxyethylene-nonylphenyl ether 
ETAAS: Electrothermal atomic absorption spectrometry
FAAS: Flame atomic absorption spectrometry
SQT-FAAS: Slotted quartz tube-flame atomic absorption spectrometry
CPE-SQT-FAAS: Cloud point extraction - slotted quartz tube-flame atomic absorption 
spectrometry
DPC: Diphenylcarbazone 
SA-DLLME-FAAS : Surfactant-assisted dispersive liquid–liquid micro-extraction 
PAR: 4-(2-pyridylazo) resorcinol 
SLLME-SQT-FAAS: Switchable liquid-liquid microextraction   

SB-DLLME-FAAS: Surfactant-Based Dispersive Liquid-Liquid Microextraction/FAAS 
Triton X-114: Surfactant    
TDES:  Ternary deep eutectic solvent
APDC: ammonium pyrrolidine dithiocarbamate
VA-DLLME-VM: Vortex-assisted DLLME/ voltammetric
AuNPS-PE: gold nanoparticle-modified screen-printed electrodes
MAE-ICP-OES: microwave-assisted extraction - inductively coupled plasma-optical 
emission spectrometry 
MBT: 2-mercaptobenzothiazole
Oxime-IL: 8-hydroxyquinoline-IL
UA-DLLME: Ultrasound-assisted dispersive liquid-liquid microextraction
UAE- IL-DLLME: Ultrasonic-assisted ionic liquid based dispersive liquid–liquid 
microextraction
USA-DLLME: Ultrasound-assisted dispersive liquid-liquid microextraction
USA-IL-DLLME: Ultrasound assisted ionic liquid dispersive liquid-liquid microextraction
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Table 3. Different sorbents for extraction of heavy metals in human and environmental samples [198- 218]
Sample Method Sorbent Heavy metals LOD (ng L−1) EF/PF AC(mg g-1) Ref.

Serum Blood USA-D-µSPE-ETAAS NH2-UVM7 Cd 2.0 25 108.6 [198]
Waters MCD-µSPE-ETAAS GSH Pb, Cd, Cr 8.9, 4.0, 10 17, 18,17 146.3, 132.5, 125.8 [199]
Waters
River

USA-CP-MSPE AFSA Pb 10.0 102 --- [200]

Urine
Water

USA-DSL-MPME NH2-UVM7 As III, AsV 1.1 100.5 --- [201]

Blood
 Water

US-D-IL- µSPE-AT-
FAAS

NG-COOH Hg, MHg, EHg 9.8 10.4 153.7, 125.8, 125.8 [202]

Water 
 Tap W 

US-D- µSPE NH2-UVM7 Mn II , Mn VII 7.0, 8.0 102.3, 98.8 1733  and 570
µmol.g-1

[203]

Serum Blood USA-D- µSPE GONPs Al 20.0 25 187.5 [204]
Water
Drinking 

SPE-FAAS CdSNPs Pb, Cu --- --- 200, 166.7 [205]

Wastewater FTIR G+MGO Pb2+, d2+ ,Cu2+ --- --- 358.96, 388.4, 169.8 [206]
Waters SPE-FAAS GO Pb, Ni 1400–2100 95-102.5 195, 178 [207]
Waters ET-AAS GO-NH2 Pb (II) 9.4 100 479 [208]
serum
urine

H-US-D-μ-SPE G-COOH As species 2.1  53 125.4 [209]

River water  CHD-μSPE GO Pb, Cd, Cr 110, 15, 38 15 ---- [210]
Waters SPE-ETAAS MnO2/ CNT PB, Cd 4.4, 1.5 100 ---- [211]
Waters
Urine

DμSPE-TRXRFS MWCNT Cr (VI) 3000 66 154.3 [212]

Soils
Waters

SPE-ICPMS Ti- MSN Cu 3.9 10 ---- [213]

Blood M-SPμE-FAAS Modified 
carbon cloth

Cd 150 10 ---- [214]

FOOD SPE-FAAS Dowex 
Marathon C

Pb 130 250 ---- [215]

Agricultur SPE-FAAS F-MOF Zn 200 238 ---- [216]
Foods SPE-FAAS B2O3/TiO2 Cd 1440 50 172.5 [217]
Waters D-μSPE-ETAAS NH2-SiO2-GO Pb 9.4 100 ---- [218]

AC: Absorption Capacity
EF/PF: Enrichment factor/preconcentration factor
ET-AAS: Electro-thermal atomic absorption spectrometry
FAAS: Flame atomic absorption spectrometry 
GSH: Graphene-silica hybrid 
USA-D-μSPE: Ultrasound assisted-dispersive-micro solid phase extraction 
MCD-μSPE: Moderate centrifugation-assisted dispersive micro solid phase 
extraction
USA-CP-MSPE: Ultrasound-assisted cloud point-micro solid phase extraction 
AFSA: Amine functionalized silica aerogel 
USA-DSL-MPME: Ultrasound assisted-dispersive solid-liquid multiple phase 

microextraction 
US-D-IL-μ-SPE: ultrasound assisted-dispersive-ionic liquid-micro-solid phase 
extraction
NG: Nanographene
CHD-μSPE: Coagulating homogenous dispersive micro-solid phase extraction
CdSPNs: Cadmium Sulfide Nanoparticles
TRXRFS: Total reflection X-ray fluorescence
GONPs: Graphene oxide nano-particles
M-SPμE: Miniaturized solid phase microextraction
SPE-FAAS: Solid phase extraction-flame atomic absorption spectrometry 
GO-NH2: Aminosilanized graphene oxide 

ultrasound assisted dispersive liquid-liquid micro-
extraction (IL-UA-DLLME), In-situ ionic liquid 
dispersive liquid-liquid microextraction(in-situ 
IL-DLLME), microwave-assisted extraction and 
dispersive liquid–liquid microextraction (MAE–
DLLME), magnetic ionic liquid-based disper-
sive liquid-liquid microextraction) MIL-based 
DLLME), magnetic stirring-assisted dispersive liq-

uid-liquid microextraction (MSA-DLLME), mag-
netic stirrer induced dispersive ionic-liquid micro-
extraction (MS-IL-DLLME), microwave-assisted 
dispersive liquid-liquid microextraction(MWA-
DLLME), ionic liquid dispersive microextraction 
(IL-DLLME), surfactant assisted dispersive liquid-
liquid microextraction (SA-DLLME), switchable 
solvent-based dispersive liquid-liquid microex-
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traction (S-DLLME), temperature-assisted ionic 
liquid-based dispersive liquid–liquid Microextrac-
tion (TA-IL-DLLME), ultrasound-assisted disper-
sive liquid-liquid microextraction (UA-DLLME), 
ultrasonic-assisted ionic liquid based dispersive 
liquid–liquid microextraction (UAE- IL-DLLME), 
ultrasound-assisted dispersive liquid-liquid mi-
croextraction (USA-DLLME), ultrasound assisted 
ionic liquid dispersive liquid-liquid microextrac-
tion (USA-IL-DLLME) was used for heavy metal 
extraction in different matrixes (Table 2) [173-197]. 
Many researchers were reported other nanomaterial 
or sorbents for extraction metals and heavy metals 
from water, wastewaters, air pollution and human 
biological matrix which were shown in Table 3.

3.2. Nano particles for extraction heavy metals
The affinity of Hg towards Au was generally 

achieved by AuHg, AuHg3, and Au3Hg [219]. 
Lisha et al. reported the removal of Hg (II) with 
nanoparticles of Au (AuNPs) coated on aluminum 
[220]. NaBH4 helped to reduce Hg (II) to Hg (0) 
and removed by AuNPs  with capacity of 4.0 g g −1. 
Also, Jiménez et al. was used citrate-coated AuNPs 
for extraction mercury in water [221]. Absorption 
mercury with AuNPs was shown in Figure 9.
	 Magnetite (Fe3O4) as nanoadsorbent was 
used for heavy metal removal as environmental 
friendliness. Fe3O4 could be easily separated from 
liquid phase. Fe3O4 was used for heavy metals 
treatment in waters [222-224]. Giraldo et al. 
synthesized magnetite nanoparticles by using a co-
precipitation method and were used for extracting 
of Pb (II) and Mn (II) in different samples [225]. In 
Figure 10, the removal of chromium was shown by 
chitosan–magnetite nanocomposite.

Fig. 9. The absorption mercury by AuNPs

Fig. 10. The removal of chromium by chitosan–magnetite nanocomposite strip
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	 Magnetite particles are modified with groups 
such as, MPs-NH2 [226], MPs–COOH [227], MPs–
SH [228]. The core-shell structure of PI-b-PEG 
diblock copolymer encapsulated with iron oxide 
nanoparticles [229].  PI-b-PEG diblock copolymer 
was used for removal heavy metals from waters 
[230]. The nanostructures of amphiphilic diblock 
copolymers due to the inherent curvature of the 
polymer were shown in Figure 11 which was used 
for extraction lead and other heavy metals from 
different matrixes.
	 Zero valent iron as nanoparticles of is a Fe (0) 
and ferric oxide coating (nZVI) which was used 
for extraction heavy metals from different matrix 

(Figure 3) [231]. Also, nZVI as a novel adsorbent 
can be removed heavy metals (Fig. 12), such as 
mercury, chromium, copper, nickel, and cadmium 
from waters. [232-235]
	 The silica nanoparticles based on ligand 
of β-ketoenol–pyridine–furan (as a selective 
adsorbent  was used for metal removal from waters 
(Pb,Cd,Zn,Cu) (Scheme 4). The engineered sorbent 
had high adsorption capacity for capturing toxic 
heavy metal in environmental samples [236-239]. 

4. Conclusions
In this review paper, constructive issues from

novel published papers were selected for studying 

Fig. 11. The nanostructures of amphiphilic diblock copolymers for extraction lead ions

Fig. 12. The core-shell structure of nZVI used for extraction of metals [231]
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of separation, preconcentration, and extraction of 
heavy metals from water, waste water, vegetable and 
human biologic samples. Recently, the SPE methods 
were coupled with spectrometry techniques such as 
atomic absorption spectrometry (AAS) based on 
various adsorbents included graphene, graphene 
oxide, activated carbon, carbon nanotubes (CNTs), 
zeolites, MOF, magnetic nanoparticles, carbon 
quantum dots (CQDs)a nd MSN which was used 
for ultra-trace determination of heavy metals in 
different matrixes. In addition, the liquid-liquid 
micro extraction techniques coupled with ET-AAS, 
F-AAS, ATF-AAS, SQT-FAAS, ICP-XRF, CV-
AAS, ICP,ICP-AES, ICP-MS, ICP-OES, HPLC, 
voltammetry, UV-VIS, and FTIR were presented 
in this study by a lot of researchers. The proposed 
review showed us, the novel techniques based on 
nanotechnology had been developed in SPE and 
LLE methods since 2010 by authors. Also, SPE and 
solvent extraction based on different adsorbents and 
instrumental techniques were extended in various 
sciences such as, bio chemistry, nanotechnology, 
environmental analytical chemistry and human 
analysis during last decade. 
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