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Abstract Marine algae are generally considered cheap and available materials,
which do not compete with agricultural crops for land or water, and are therefore
included into category of renewable biological resources. Currently, the marine
algae have several industrial uses linked to biofuel production and the extraction of
some important active compounds, but these applications are still limited by several
technological difficulties. However, the use of marine algae biomass in the biosorp-
tion processes for environmental and wastewater remediation has become increas-
ingly important. It is well known that the heavy metal pollution has severe negative
consequences for human health and negative impact on the environment. Therefore,
the potential use of marine algae to remove the content of toxic heavy metals,
mainly from industrial effluents which are the main sources of environmental pollu-
tion, through the development of ecological approaches, has gained a worldwide
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interest. In this chapter, the performances of marine algae biomass as biosorbents
for the removal of toxic heavy metals from aqueous media are evaluated, and the
main possible practical applications are highlighted. The experimental factors that
influence the biosorption capacity of marine algae biomass, as initial solution pH,
biosorbent dosage, initial heavy metal concentration, contact time and temperature,
are discussed in order to highlight the importance of well-defined experimental con-
ditions for the use of these types of biosorbents. The isotherms and kinetics model-
ling of the biosorption data was also considered, because the calculated parameters
can lead to development of the biosorption systems of toxic heavy metals with high
bioremediation potential.

Keywords Toxic heavy metals - Marine algae - Biosorption processes -
Environment remediation - Wastewater treatment

4.1 Introduction

The rapid development of industrial activities is the main characteristic of the last
century, which hasled to an increase in the standard of living of people. Unfortunately,
with the development of the industrial sector, many environmental issues have
arisen. One of the most important environmental issues is the degradation of the
ecosystems’ quality due to the presence of hazardous and harmful pollutants, such
as heavy metals (Gautam et al. 2015; Naushad 2014). Heavy metals that get to con-
taminate the environment come mainly from the discharge of improperly treated
industrial effluents, and for this reason, industrial activities are still considered to be
one of the most important sources of environmental pollution with this kind of pol-
lutants (Wu et al. 2015; Zhang et al. 2018). The global statistics reported by
UNESCO (UNESCO 2003) have shown that at the level of 2003, the distribution of
water use is 8% in domestic use, 22% in industry and 70% in agriculture. Therefore,
an important quantity of water is annually used in the performing of industrial activ-
ities, but most important is that a big fraction of this water can be discharged into
environment as wastewater and can contribute to environmental pollution.

It is well known that due to their industrial importance, various toxic heavy met-
als (Pb(II), Cd(II), Hg(IT), Cr(VI), etc.) are intensively used in numerous industrial
processes from mining industry, plating and smelting industry, fertilizers manufac-
turing, chemical industry, textile industry, pigments and plastics, etc. (Ghasemi
et al. 2014; Mendoza et al. 1998; Lyer et al. 2005; Qaiser et al. 2007), and because
they can’t be destroyed or degraded and have an accumulation tendency in natural
water sources (Volesky and Holan 1995; Qaiser et al. 2007), they have been included
into categories of priority environment pollutants. Therefore, the presence of heavy
metals in natural water over a maximum concentration level (Aklil et al. 2004;
Aydin et al. 2008) affects the human health and decreases the quality of other bio-
logical systems, and hence the heavy metals content in the discharged industrial
wastewater was established by legislation (AL-Othman et al. 2011).
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Based on these considerations, removing heavy metal ions from industrial waste-
water is still an important issue, both from an environmental and economic point of
view. In this way environmental pollution can be prevented, and the reintroduction
of heavy metals (recovered from wastewater) into industrial processes ensures the
premises of sustainable development (Judd 2016).

Frequently for the removal of toxic heavy metals from industrial effluents are
used methods such as chemical precipitation, coagulation/flocculation, membrane
filtration, electrochemical techniques, ion exchange, etc. (Abdolali et al. 2016;
Syukor et al. 2016). But, most of the time, these methods are not effective for
removing low concentrations of heavy metals or are very expensive due to the high
operational costs, high consumption of chemical reagents, or high energy require-
ments, to which it is added the generation of significant amounts of secondary
sludge, which should be also properly treated (Satapathy and Natarajan 2006; Wang
and Chan 2009).

Unlike these, biosorption is often considered a low-cost method that offers flex-
ibility in design and operation, can be successfully used to remove low and high
concentration of various heavy metals from aqueous effluents in different experi-
mental conditions, minimizes the chemical reagent consumption and production of
secondary sludge and allows, in most cases, the recovery of retained metal ions
(Davis et al. 2003; Zhao et al. 2011). All these advantages have led to the elimina-
tion of heavy metal ions from water effluents through biosorption as an economic
and ecological way that respects the principles of sustainable development.
However, all these advantages largely depend on the type of biomass used as biosor-
bent in biosorbent processes (Vijayaraghavan and Balasubramanian 2015). This is
why finding materials that are available in large quantities, cheap and easy to col-
lect, and requires only a few stages of preparation is still one of the most important
aspects in designing an effective biosorption process (Gupta et al. 2015).

Marine algae meet all these conditions and are considered a promising biological
resource because they are available in many regions, do not require special growth
conditions, making their productivity high, require only a few simple preparation
stages and have high efficiency to retain heavy metal ions from the aqueous solution
(Davis et al. 2003; Hannachi et al. 2015; Vijayaraghavan and Balasubramanian
2015). In addition, since the heavy metal biosorption involves a metabolism-
independent mechanism in which the metal ions from aqueous media are bound to
the surface of the cellular walls (Donmez et al. 1999; Malik 2004; Kumar et al.
2007), it is preferred to use non-viable algae as biosorbents, because they are
obtained easier and their cost of preparation is lower. Under these conditions, the
marine algae biomass behaves like a chemical substrate where the numerous and
varied functional groups are uniformly distributed on the biomass surface, and these
will represent the binding sites for the heavy metal ions from aqueous solution.

The presence of cell walls surface of various negatively charged functional
groups, such as hydroxyl, carboxyl, sulphydryl, sulphate and amino groups (Donmez
et al. 1999; Davis et al. 2003), makes that marine algae biomass to have a high abil-
ity to uptake toxic metal ions from aqueous media. These functional groups mainly
come from the constituents of marine algae (polysaccharides, proteins, lipids), and
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therefore their ability to remove heavy metals largely depends on their chemical
composition and, ultimately, on their type.

In this chapter, the performances of marine algae biomass as biosorbents for the
removal of toxic heavy metals from aqueous media are evaluated, and the main pos-
sible practical applications are highlighted. In the analysis of biosorption process
efficiency, the main experimental parameters which influence the biosorption capac-
ity of marine algae (such as initial solution pH, biosorbent dosage, initial heavy
metal concentration, contact time and temperature) are discussed, as well as the
isotherms and kinetics modelling of the biosorption data. All these aspects will
highlight the potential of marine algae biomass to retain toxic heavy metals from
aqueous media through biosorption, with applications in the environmental
bioremediation.

4.2 Sources of Toxic Heavy Metals Pollution

Industrial wastewater containing significant concentrations of heavy metals are pro-
duced in large quantities from various industrial activities. This is why the discharge
of industrial effluents into the environment without proper treatment remains the
main source of environmental pollution with toxic heavy metals (Dixit et al. 2015;
Gautam et al. 2015). Thus, electroplating, milling, conversion-coating, anodizing-
cleaning, etc. generate significant quantities of wastewater containing cadmium,
lead, chromium, nickel, zinc, copper, vanadium, platinum, silver and titanium
(Barakat 2011). The printed circuit board manufacturing is another source of waste-
water which contains significant concentration of tin, lead, copper and nickel.
Inorganic paint manufacturing produces wastewater containing chromium and cad-
mium compounds. Beside these, other common industrial activities such as energy
production or intensive livestock production and aquaculture are responsible by the
generation of important quantities of wastewater in which the concentration of toxic
heavy metals, such as copper, cadmium, chromium nickel lead, zinc, etc., is signifi-
cant. Table 4.1 summarizes the quantities of toxic heavy metals released in the

Table 4.1 The quantities (tones) of some toxic heavy metals released into environment from
different industrial sectors in 2014 (E-PRTR 2016)

Industrial sector CddI) |Cu(l) |Crtotal |Ni(Il) |Pb(l) |Zn(II)
Mineral industry 3 115 36 18 43 326
Metal processing 2 19 278 96 33 188
Chemical industry 0.5 13 30 20 10 117
Energy 3 35 21 36 9 0.3
Pulp and paper industry 0.9 14 4 7 3 118
Livestock production and aquaculture | — 69 - - - 227
Other industrial activities 0.1 2 32 2 0.3 11
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Table 4.2 Examples of toxic heavy metals and their consequences on human health

Heavy Human health consequences (Babel and Maximum concentration limit, mg/L*
metal Kurniawan 2003) NTPA 001/2005 | NTPA 002/2005
Cadmium | Kidney damage, renal disorder 0.2 0.3

Copper Liver damage, insomnia, Wilson disease | 0.1 0.2

Chromium | Carcinogenic, diarrhea, headaches 1.0 1.5

Nickel Dermatitis, nausea chronic asthma 0.5 1.0

Lead Kidney diseases, circulatory and nervous | 0.2 0.5

system damage
Zinc Depression, lethargy, neurological signs 0.5 1.0

“Maximum concentration limits according with Romanian regulation (NTPA 001/2005; NTPA
002/2005)

environment from different industrial sectors in 2014, according to the data avail-
able from the European Pollutant Release and Transfer Register (E-PRTR).

Heavy metals are included in the category of persistent pollutants because they
remain in the environment for a long time and due to the accumulation trend and
their toxic effect have serious consequences for human health. In Table 4.2 are
mentioned some of the most relevant heavy metals with large industrial applica-
tions, which have negative consequences on human health.

In addition, in order to minimize exposure of human and environment to heavy
metals, wastewater regulations have been established, which limit the concentration
of heavy metals that may be present in the discharged industrial effluents. In
Romania, the wastewater regulation has two thresholds for heavy metal concentra-
tion, one characteristic for the industrial wastewater discharged into sewerage net-
works (NTPA 002/2005) and other for the industrial wastewater discharged into
natural water sources (NTPA 001/2005). The maximum concentration limits of the
some toxic heavy metals in wastewater according with the Romanian regulation are
also summarized in Table 4.2.

Therefore, in order to prevent environmental pollution and to respect the princi-
ples of sustainable development, it is necessary to remove the heavy metals from
industrial wastewater, and, if this is done by a method that allows for their recovery,
this activity could have also economic benefits. Biosorption has this possibility, and
finding a suitable biosorbent (such as marine algae biomass) will allow the design
of a suitable industrial wastewater treatment system to remove toxic heavy metals.

4.3 Preparation and Characterization of Marine Algae
Biosorbents

Marine algae are widespread in many regions of the world, being found in coastal
areas of the seas and oceans. From biological point of view, marine algae are
included in the “plants” category and have dimensions that can range from a few
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Table 4.3 The content of carbohydrates, proteins and lipids of some marine algae

Carbohydrates, Proteins, Lipids,
Marine algae % (wWlw) % (WIw) % (WIw) References
Green marine algae
Ulva lactuca 59.0 17.0 34 Jambo et al. (2016)
Cladophora rupestris 34 0.6 Maehre et al. (2014)
Ulva intestinalis 11.3 1.1 Maehre et al. (2014)
Red marine algae
Gelidium amansii 66.0 20.0 0.2 Jambo et al. (2016)
Gracilaria verrucosa 60.8 9.9 0.8 Meinita et al. (2017)
Palmaria palmata 39.4 229 33 Kostas et al. (2016)
Chondrus crispus 21.8 19.9 0.5 Kostas et al. (2016)
Brown marine algae
Fucus serratus 26.4 9.6 2.8 Kostas et al. (2016)
Laminaria digitata 21.7 26.8 1.9 Kostas et al. (2016)
Laminaria japonica 51.0 8.0 1.0 Jambo et al. (2016)
Undaria pinnatifida 43.0 24.0 34 Jambo et al. (2016)

micrometers (microscopic unicellular algae) to a few tens of meters (macroscopic
multicellular algae).

Mostly, seaweeds are classified according to the colour of the pigments in their
composition (Davis et al. 2003; Guiry 2012). The mixture of pigments in their chlo-
roplasts lends characteristic colours, and thus the marine algae can be divided in
three categories:

* Green algae — Chlorophyta division
e Red algae — Rhodophyta division
e Brown algae — Phaeophyta division

In addition to colour pigments, marine algae also have, in their composition,
carbohydrates, proteins and lipids, whose types and concentrations differ from one
category to another. Table 4.3 shows the content of each of these component classes
for some marine algae. Thus, the cell walls of green algae mainly contain cellulose
and proteins bonded to polysaccharides (Romera et al. 2007; Wang et al. 2009). The
red algae have in their composition cellulose (as structural support polysaccharide),
agar and carraghenates (Romera et al. 2006; Romera et al. 2007). The brown algae
generally contain cellulose (i.e., the structural support), alginic acid and sulphated
polysaccharides (Lodeiro et al. 2005; Romera et al. 2007).

Differences in the composition of marine algae determine a different structure of
cell walls, which is one of the main factors influencing the ability of marine algae to
uptake heavy metal ions from aqueous media. This is because the constituents of
marine algae cell walls have different functional groups (such as hydroxyl, car-
boxyl, carbonyl, amino, sulphate, etc.) that can interact with heavy metal ions from
aqueous media (often trough ion exchange) and thus will play an important role in
the biosorption processes.
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The nature of the functional groups in the marine algae structure can be easily
identified from the FTIR spectra recorded for dry biomass. The absorption bands
from FTIR spectra can be assigned to various functional groups in function of the
maximum absorption wave numbers and using the correlation tables. Figure 4.1
shows the FTIR spectrum of Ulva lactuca marine algae and illustrates the main
functional groups identified in this spectrum.

Such functional groups have been identified in the FTIR spectra of all categories
of marine algae (Donmez et al. 1999; Davis et al. 2003; Lesmana et al. 2009;
Romera et al. 2007; Wang et al. 2009) and have been considered to be the binding
sites for the heavy metal ions from aqueous solution. But, in the structure of marine
algae cell walls, these functional groups are not in free forms. The high concentration
of Ca*, Mg?*, K* and Na*, ions in seawater (which is the natural growth medium),
makes that these ions bound to these functional groups. The high content of alkaline
and alkaline earth metal ions in the composition of marine algae (Table 4.4) is
another advantage from biosorption perspective, because these cations will be eas-
ily replaced by the heavy metal ions through a simple ion-exchange process.

Hydrocarbon
radicals
Sulfates
groups S.I?
Carbonyl §\I‘ it
groups S 3
OH groups
w00 U " a0 =00 1000 '

Wavenumber (cm-1)

Fig. 4.1 FTIR spectrum of Ulva lactuca marine algae. (Adapted after Lupea et al. 2012a)

Table 4.4 The content of alkaline and alkaline earth metal ions of some marine algae (Simionescu
etal. 1974)

Marine algae Na, mg/g | K,mg/g |Ca,mg/g |Mg, mg/g

Brown algae | Fucus visoides 173.05 42.71 20.03 12.11
Cystoseira barbata 145.0 86.61 27.31 10.0

Red algae Gracilaria compressa 49.01 50.81 33.12 7.75
Gracilaria confervoides 32.75 0.18 30.51 4.34

Green algae Ulva lactuca 43.17 23.14 31.80 18.91
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Many studies from literature have shown that the brown marine algae have the
higher ion-exchange capacity compared with red or green marine algae (Romera
et al. 2007; Chojnacka 2010; Mazur et al. 2018). This characteristic is mainly due to
the high content of alginate (10-40%) and fucoidan (5-20%) in their structure
(Michalak et al. 2013) which determines the presence of a higher number of func-
tional groups on their surface.

Unfortunately, the use of brown and red marine algae in the biosorption pro-
cesses of heavy metal ions has an important drawback, which drastically limits their
industrial applications. Thus, during biosorption, certain organic compounds from
marine algae composition (such as alginate, colour pigments, etc.) can be released
into the aqueous media, generating the secondary pollution of the treated effluent
and the decrease of marine algae biosorption capacity (Yang and Chen 2008).

Unlike these, in marine green algae, the leaching of organic compounds is insig-
nificant, and therefore the effect of secondary pollution is missing most of the time,
but also their biosorption capacity is lower compared with brown and red marine
algae (Tobin et al. 1988; Hamdy 2000; Apiratikul and Pavasant 2008). Considering
all the aspects discussed in this section, it can be said that in the preparation of
marine algae as biosorbents for the removal of toxic heavy metal ions from aqueous
media, only a few simple steps are required. Figure 4.2 illustrates the main elemen-
tary steps involved in the preparation of marine algae biosorbents.

The harvested marine algae are immediately washed with demineralized water to
remove the dissolved salts from their leaves. Otherwise, the dissolved salts will
significantly change the ionic strength of the aqueous solutions, and their presence
will affect the efficiency of the biosorption process. After washing, the drying of
marine algae is done in air, often at ambient temperature, because in this way, the
humidity is gradually removed and the surface of the algae particles will be wrin-
kled and cracked more, which will provide a larger specific surface area. The last

I S

‘ Washing with demineralized water |- ->E Removing salts from marine E

l 1 algae leaves

| Raw marine algae biomass |

-->§ Removing humidity i
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l LI R
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Fig. 4.2 The main steps in the preparation of marine algae biosorbents
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important step in the preparation of marine algae biomass is grinding and sieving,
which will provide almost the same size of biomass particles.

Under these conditions, the marine algae can be considered “low-cost” biosor-
bents, which require a few simple steps of preparation and which due to numerous
and varied functional groups can be used to design effective biosorption systems to
remove toxic heavy metals from aqueous effluents.

4.4 Marine Algae Biosorbents for Removal of Toxic Heavy
Metals

As shown in the previous paragraph, the marine algae biomasses have in their compo-
sition different organic compounds (such as carbohydrates, proteins, lipids, etc.) that
possess numerous and varied functional groups. These functional groups represent
the binding sites for toxic heavy metal ions during of biosorption. Under these condi-
tions, the efficiency of biosorption processes will mainly depend on the efficiency of
functional groups — heavy metal ion interactions — and this will be affected by:

e The dissociation degree of functional groups

e The speciation form of toxic heavy metal ions

e The number of binding sites form biomass surface

e The contact time between marine algae biomass (solid) and heavy metal ions
(aqueous solution)

e Temperature

All these factors will define the experimental conditions in which the biosorption
process is carried out, and hence the finding of optimal experimental conditions will
ensure the maximum efficiency of the biosorption process. Only when the optimal
experimental conditions have been selected (on the basis of experimental and/or
computational studies), the biosorption process can be assessed and can be deter-
mined by the biosorptive performance of marine algae biomass for a given metal ion.

4.4.1 Selection of Optimal Conditions for the Biosorption
Process

It is well known that the retention of metal ions from aqueous media by biosorption
using marine algae biosorbents takes place with maximum efficiency only in certain
experimental conditions (Donmez et al. 1999; Febrianto et al. 2009; Robals et al.
2016). The most important experimental parameters to be considered when deter-
mining the optimal conditions for the biosorption process are:

(i) Initial solution pH — because its value depends on the speciation form of toxic
heavy metal ions in aqueous solution and the dissociation degree of functional
groups from marine algae biomass surface.
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(i) Biomass dosage — the amount of marine algae biomass used to remove toxic
heavy metal ions from a given volume of aqueous solution determines the
number of active sites that may be involved in the biosorption process, and the
value of this parameter is important both from economical and technological
considerations.

(iii) Contact time — an optimal value of this parameter indicates the minimum time
required to achieve the interactions between heavy metal ions and superficial
functional groups of marine algae biomass and plays an important role in the
kinetics modelling of biosorption process.

(iv) Temperature — the finding of optimal value of this parameter is important both
theoretical considerations, as it allow for the thermodynamic modelling of the
biosorption processes, as well as for applicative considerations, because its
value can significantly influence the cost of biosorption processes.

Even if in literature the initial heavy metal concentration is considered another
experimental parameter that affects the efficiency of biosorption process, its influ-
ence is more theoretically important for the modelling of biosorption processes than
from a practical point of view because it is well known that in the case of industrial
effluents, the concentration of the heavy metal ions varies in a fairly narrow range
and their composition is complex.

The effect of each of these experimental parameters on the biosorption efficiency
must be analyzed one by one, and the obtained results will allow the selection of the
optimal conditions for that the biosorption process takes place with maximum effi-
ciency for a certain toxic heavy metal ion and a certain marine algae biosorbent.
Several examples of optimal experimental conditions established for the biosorption
of various heavy metal ions on different marine algae biosorbents are summarized
in Table 4.5.

Initial solution pH is one of the most important experimental parameters that
affects the efficiency of biosorption processes, because its value determined not
only the dissociation degree of functional groups from marine algae biomass sur-
face but also the speciation and availability of heavy metal ions to participate at
biosorption process (Marques et al. 2000; Esposito et al. 2002). As can be seen from
Table 4.5, most of biosorption processes of heavy metal ions on marine algae bio-
sorbents take places with a maximum efficiency at an initial solution pH between
4.0 and 6.0. Obtaining the maximum efficiency of biosorption processes in such a
narrow pH range can be explained on the basis of the following considerations:

* At low pH (pH < 4.0) — even if most heavy metal ions are predominantly as free
as positively charged cations (M"") in aqueous solution, functional groups in the
surface area of marine algae biomass are largely non-dissociated or positively
charged, which makes chemical interactions not happen due to the electrostatic
repulsive forces. Only the metal ions which exist in the solution as negatively
charged species (oxo-anions) can be retained by the marine algae biomass at a
very low initial solution pH (Murphy et al. 2008). It is the case of Cr(VI) ions
biosorption, for which the optimal pH value is obtained in the pH range of 0.5—
1.5 (see Table 4.5), regardless of the type of marine algae biosorbent.
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e At higher pH values (pH > 6.0) — the functional groups from marine algae bio-
mass surface have a high dissociation degree (most of them becoming negatively
charged), but the biosorption process can be prevented by changing the specia-
tion form of heavy metal ions from aqueous solution. This is because at high
initial solution pH, the hydrolysis of metal ions can take place and the formed
hydrolyzed metallic species no longer have the same availability for biosorption
processes (Romera et al. 2007).

The decreasing of the biosorption efficiency at initial solution pH lower than 4.0
and higher than 6.0 can be easily observed in case of some toxic heavy metal ion
retention on Ulva lactuca marine green algae biomass (Fig. 4.3).

Therefore, choosing an initial solution pH between 4.0 and 6.0 (see Table 4.5)
will ensure both a dissociation degree of functional groups of marine algae biomass
sufficiently high and an adequate speciation form of the toxic heavy metal ions so
that the biosorption process occurs with maximum efficiency.

The quantity of marine algae biomass used as biosorbent for a given volume of
aqueous solution with known concentration of toxic heavy metal ions may also
influence the efficiency of biosorption processes. For the selection of the optimal
biosorbent dosage, it is necessary to analyze the performances of biosorption pro-
cess, as well as some economic and operational aspects. In the analysis of the bio-
sorption process performances, studies from literature (Gokhale et al. 2008; Farooq
et al. 2010; Finocchio et al. 2010) have shown that:

* The removal percent of toxic heavy metal ions from aqueous solution increases
with the increasing of marine algae biomass dose, mainly due to the increase of
the number of active sites (superficial functional groups) which can bond metal
ions from aqueous solution.

100
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80 1 @ cd(ll)
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=2
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0 |
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initial solution pH

Fig. 4.3 Variation of the biosorption efficiency in function of initial solution pH in case of Ulva
lactuca marine green algae biomass. (Bulgariu and Bulgariu 2012; Lupea et al. 2012a, b)
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Fig. 4.4 Variation of the biosorption process parameters as a function of biosorbent dosage in case
of Pb(II) biosorption on Callithamnion corymbosum algae biomass

e The biosorption capacity of marine algae biomass decreases with the increasing
of biosorbent dosage due to the fact that the metal ions have more functional
groups available for interaction, and this makes the amount of metal ions retained
per weight unit of marine algae biomass (which means the biosorption capacity)
to decrease.

A suggestive illustration of such opposite variation of these two parameters (bio-
sorption capacity and percent removal) is presented in Fig. 4.4, for the biosorption
of Pb(Il) ions from aqueous media on Callithamnion corymbosum algae biomass
(red marine algae).

Therefore, in most of cases, the biosorption of toxic heavy metals requires rela-
tively low quantities of marine algae biomass (see Table 4.5), which will allow for
high biosorption performance of marine algae biomass (high values of biosorption
capacity) but also a high efficiency of biosorption process (high values of removal
percent).

On the other hand, the use of low amounts of marine algae biosorbents in the
biosorption processes of toxic heavy metal ions also has several economic and oper-
ating advantages, because:

e The low amounts of marine algae biosorbent used in the biosorption processes
will reduce the costs and generate low amounts of waste biomass loaded with
toxic heavy metal ions, which have been also properly treated so as not to become
a danger to the environment.

e Some technological operations, such as mixing, filtration, transport, etc., will
require low time and energy consumption.

Biosorption of toxic heavy metals depends largely on contact time. The studies
from literature that discuss the kinetics of toxic heavy metal ion biosorption on
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Fig. 4.5 Dependence between the biosorption efficiency and contact time in case of marine algae
biosorbents

marine algae biomass (Sheng et al. 2004; Lee and Chang 2011; Zeraatkar et al.
2016) indicate that the biosorption process generally takes place in two stages:

Stage I —rapid stage — in the first 5-30 min, the amount of heavy metal retained
on marine algae biomass surface increases sharply, and the values of removal
percents can attain 90% from initial concentration of heavy metal ion.

Stage II — slower stage — can take up to 3—4 h, and where the amount of heavy
metal ions retained on marine algae biomass surface does not vary by more than
5-10%.

Figure 4.5 presented a typical variation of the biosorption efficiency of toxic

heavy metal ions on marine algae biomass in function of contact time.

Such two-step biosorption process of toxic heavy metal ions on marine algae

biomass can be explained as (Qin et al. 2006; Gerente et al. 2007; Febrianto et al.
2009):

In stage I — all superficial functional groups of marine algae biomass are free and
geometrical available for to interact with heavy metal ions from aqueous solu-
tion. Therefore, the electrostatic interactions can easily occur, and the ion-
exchange processes are effective in the binding of heavy metal ions on the surface
of marine algae biomass.

In stage II — majority of superficial functional groups are already occupied, and
the heavy metal ions should find the superficial groups within the pores of marine
algae biomass particle to interact. In this case, the elementary diffusion process
became the rate-limiting step, and the efficiency of biosorption process does not
vary significantly.

The fast biosorption of toxic heavy metal ions on marine algae biomass (see

Table 4.5) has very important practical and economical consequences, because it
allows the scale-up of the biosorption process on industrial scale, which will ensure
high efficiency and low cost of operating (Liu et al. 2009).
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Temperature can influence the efficiency of toxic heavy metal ion biosorption on
marine algae biomass but to a much lower extent than the other experimental param-
eters mentioned above. This is because the rise of temperature must be done only up
to 50-60 °C, in order to prevent the degradation of marine algae biomass, and under
these conditions, the variation of the biosorption capacity is most often quite small
for the biosorption of most heavy metal ions (Monteiro et al. 2010; Johansson et al.
2016). But, in function of the nature of marine algae biomass used as biosorbent and
the type of toxic heavy metal from aqueous solution, the increase of temperature can
determine:

e The increase of the biosorption capacity — which means that the biosorption
process is of endothermic nature (Gupta and Rastogi 2008; Romera et al. 2007,
Johansson et al. 2016)

* The decrease of the biosorption capacity — indicating an exothermic nature of the
biosorption process (Cruz et al. 2004; Sari and Tuzen 2008a)

o Insignificant changes of the biosorption capacity (Martins et al. 2004; Lodeiro
et al. 2006; Lupea et al. 2012a)

However, by comparing the variation in biosorption capacities and the costs
required for temperature rise, in most cases the ambient temperature is considered to
be optimal (see Table 4.5), especially for economic reasons (Wang and Chan 2009).

4.4.2 Biosorptive Performances of Marine Algae Biosorbents

The retention of toxic heavy metal ions on marine algae biomass through biosorp-
tion is a non-metabolically process, in which the metal ions are bonded on marine
algae surface by ion-exchange, superficial complexation, adsorption, coordination,
or micro-precipitation (Febrianto et al. 2009). Therefore, the biosorption can be
considered a physicochemical process, whose efficiency is mainly dictated by the
elementary interactions between functional groups of marine algae biosorbents and
toxic heavy metal ions from aqueous media.

As it was already mentioned in the previous paragraphs, the constituents of
marine algae biomass provide various functional groups (such as hydroxyl, car-
boxyl, carbonyl, sulphonic, etc.), which represent the binding sites and which deter-
mine the retention of toxic heavy metal ions from aqueous media, through specific
interactions. In optimal experimental conditions (pH and biosorbent dosage), most
of these functional groups are dissociated and will generate negative charges on the
marine algae biomass surface. These negative charges are responsible for the elec-
trostatic interactions with metal ions from aqueous solution (Murphy et al. 2008;
Mazur et al. 2018). Therefore, the toxic heavy metal ions will be retained by marine
algae biomass, and most of the studies from literature indicate that such biosorption
process occurs until to the formation of complete monolayer coverage, according
with Langmuir isotherm model (Chong and Volesky 1995; Rangabhashiyam et al.
2014). The number and availability of functional groups from marine algae biomass
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surface will dictate the efficiency of the biosorption process in selected optimal
experimental conditions, and the parameter used for the quantitative evaluation of
this efficiency is the maximum biosorption capacity (qum.. mg/g). The maximum
biosorption capacity indicates the maximum amount of toxic heavy metal ions
retained on weight unit of marine algae biomass and may be calculated from linear
Langmuir equation (Rangabhashiyam et al. 2014).

On the other hand, the toxic heavy metal ions from aqueous solution have dif-
ferent affinities for the functional groups of marine algae biomass. In the optimal
experimental conditions (pH, contact time) selected so that such interactions to be
facilitated, the heavy metal ions will be retained on marine algae biomass the eas-
ier as their affinity for the functional groups present on the biosorbent surface will
be greater. The ease with which metal ions interact with functional groups of
marine algae biomass may be evaluated by kinetics modelling of the biosorption
process, and the quantitative parameter used in this case is constant rate (which
represents the amount of toxic heavy metal ions retained on mass unit of biosor-
bent in time unit).

Most of the biosorption processes which use marine algae biosorbents follows a
pseudo-second order kinetics model, and under these conditions, the rate constant is
calculated from the linear pseudo-second-order kinetics equation (Febrianto et al.
2009; Ibrahim 2011). This means that for the retention of a heavy metal ion, two
binding sites are required (Chojnacka 2010), and therefore beside the number, the
geometrical availability of functional groups from marine algae biomass surface
will significantly affect the performances of the biosorption processes.

Starting from these observations, always in assessing the performance of bio-
sorption processes should be considered the values of maximum biosorption capac-
ity (which is a measure of the availability of marine algae biomass to participate at
the biosorption processes) and of kinetics constant rate (which indicate the affinity
of metal ions from aqueous solution to interact with the functional groups of biosor-
bent). Several examples in this regard are shown in Table 4.6.

The values presented in Table 4.6 show that, in most of cases, the brown marine
algae biomass showed higher biosorptive performances in the removal processes of
different toxic heavy metal ions, compared with red or green marine algae biomass.
The high biosorption capacity of brown marine algae biomass has been attributed to
the presence of high concentration of alginate in their cell walls, which is mainly
responsible by such high toxic metal ions removal ability (Mazur et al. 2018). Thus,
Romera et al. (2007) have shown that the affinity of toxic heavy metal ions to
alginate (or fucoidan) depends by their geometrical radius and follows the order:
Pb(II) > Cu(II) > Cd(II) > Zn(II) > Ni(II). This increasing of the biosorption capacity
of marine brown algae with the increasing of metal ion radius is a consequence of
stereochemical effect, because the metal ions with larger volume can find easier
binding site with two distant functional groups, on marine algae surface.
Unfortunately, the use of brown marine algae biomass in the biosorption processes
of heavy metal ions can cause the contamination of treated aqueous effluent with
organic compounds which are released from their composition, during of biosorp-
tion. This negative effect of secondary pollution is also undesirable and can be
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minimized by a preliminary treatment of brown marine algae biomass with dilute
solutions of alkali.

In case of red algae, the sulphated polysaccharides (galactanes) were found to be
mainly responsible for the retention of toxic heavy metal ions from aqueous solu-
tion, often by electrostatic interactions (ion exchange or superficial complexation)
(Romera et al. 2007). This kind of algae will prefer to retain toxic heavy metal ions
with high affinity for O-donor groups, such as Pb(II), Cu(II), or Ni(II) (see Table 4.6).
And in case of red marine algae biosorbents, the secondary pollution can be
observed, but its intensity is lower compared with brown marine algae biomass, and
can be minimized in the same way.

The green algae have in their composition numerous carboxyl, hydroxyl, sul-
phate, phosphate and amine groups from a-, - and y-carotenes and several xantho-
phylls (Gupta and Rastogi 2008) and will bind the heavy metal ions from aqueous
solution, predominantly through ion-exchange interactions. This kind of interac-
tions is not selective, and therefore the biosorption capacity of green marine algae
are significantly influenced by the presence of other metal ions in aqueous solution
(Hashim and Chu 2004; Gupta and Rastogi 2008; Pandya et al. 2017). However, it
should be noted that in case of marine green algae biomass, the intensity of the
secondary pollution effects is much lower compared with red and brown marine
algae biomasses and that due to the high number of amino groups from their struc-
ture have the best performances in the retention of Cr(VI) ions, if the experimental
conditions are adequate (see Table 4.6).

4.5 Regeneration and Recycling of Exhausted Marine Algae
Biomass

The evaluation of the biosorptive performances of marine algae biomass in the
removal processes of toxic heavy metal ions from aqueous effluents is not complete
without the studies related to the regeneration and recycling of exhausted biosor-
bents. This is because the possibility to use the same quantity of marine algae bio-
mass in multiple biosorption processes offers important environment and economic
benefits. The chemical process involved in this case is named desorption, and sup-
pose the mixing of exhausted marine algae biomass with a desorption agent, in
certain experimental conditions (contact time, exactly known volume and concen-
tration of desorption agent, temperature, etc.), when the retained toxic heavy metal
ions are replaced by other ions of desorption agent structure (Lasheen et al. 2012;
Robalds et al. 2016; Kolodynska et al. 2017). The elementary processes that occur
in desorption of toxic heavy metal ions from exhausted marine algae biomass are
mainly ion-exchange type (Fig. 4.6), and suppose the release of retained toxic heavy
metal ions in aqueous solution concomitant with the regeneration of marine algae
biomass. Because the released toxic metal ions can be recovered and reintroduced
in the industrial activities and that the regenerated biosorbent can be used in another
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Fig. 4.6 Schematic illustration of the toxic heavy metal ions desorption from exhausted marine
algae biomass

biosorption cycle, desorption will contribute to lowering the costs of removing toxic
heavy metal ions from aqueous media.

The quantitative desorption of the toxic heavy metal ions retained on marine
algae biomass and the regeneration of biosorbents can be done using various
chemical reagents, such as mineral acids (HCI, HNO;, etc.), inorganic salts (NaCl,
NaNO;, KNOs;, CaCl,, etc.), or complexing agents (EDTA), in various experimental
conditions (Gupta et al. 2015; De Gisi et al. 2016; Tran and Chao 2018). After
desorption, the aqueous solution contains the toxic heavy metal ions, which can be
recovered through specific procedures, and the solid phase is the regenerated marine
algae biosorbent, which is washed, dried and conditioned, in order to be used in
another biosorption cycle (Kolodynska et al. 2017). However, for desorption pro-
cesses to be effective, the following should be considered:

* The solution of desorption agent should have a pH with a least 2—4 units lower
than the optimal pH used for the biosorption of heavy metal ions.

e The ratio between the exhausted marine algae biomass and the volume of desor-
bent solution should be high, so that a low volume of desorbent solution is used
to treat the large amount of depleted biosorbent — in this way the costs related to
biosorbent regeneration and recovery from the released heavy metal is
minimized.

e The concentration of the desorbent solution must be high (103 — 1.0 mol/l) so
that the desorption process is efficient.

e The desorption processes should take place at ambient temperature and only
when it is absolutely necessary at higher temperatures — in this way the cost of
desorption processes is kept low, and the damage of the regenerated marine algae
biosorbents is avoided.

In Table 4.7 are presented several desorption possibilities of toxic heavy metal
ions form exhausted marine algae biomass that can be used for the recovery of metal
ions and biosorbent regeneration.

Most often, mineral acids such as HCI or HNO; are used for the desorption of
toxic heavy metal ions from exhausted marine algae biomass (Gupta et al. 2015;
Tran and Chao 2018), because they (i) have high efficiency in desorption processes
(95-97%) compared with inorganic salts (see Table 4.7) and (ii) facilitate the
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Table 4.7 Characteristics of some desorption processes used for the treatment of exhausted
marine algae biomass loaded with toxic heavy metal ions

Marine algae Desorption Metal recovery,
Metal ion | biomass agent % References
Cd(II) Ulva lactuca 0.1 M HCl1 >98 Lupea et al. (2012a)
Oedogonium sp. 0.5 M HCl 84.80 Gupta and Rastogi (2008)
Cu(Il) Halimeda gracilis 0.2 M HCl 88.13 Jayakumar et al. (2015)
Cr(VI) Halimeda gracilis 0.2 M HCl 98.02 Jayakumar et al. (2014)
Pb(II) Sargassum sp. 0.1 M HNO; |>95 Martins et al. (2006)
Zn(II) Scenedesmus sp. 0.1 M H,SO, |98.40 Sarwa and Verma (2014)
Fucus vesiculosus 1 N HNO; ~ 100 Castro et al. (2017)
Cu(Il) Gracilaria caudata | 0.5 M CaCl, | 38.00 Cechinel et al. (2018)

0.5 M NaCl 90.00
Ni(I) Gracilaria caudata | 0.5 M CaCl, | 58.00
0.5 M NaCl 52.00
Zn(II) Gracilaria caudata | 0.5 M CaCl, 100

0.5 M NaCl 59.00

Ulva lactuca 0.1 MNaCl | 78.60 Badescu et al. (2017)
0.1 M CaCl, |92.00
Pb(II) Sargassum sp. 0.1 MEDTA | 95.00 Martins et al. (2006)

recovery of the desorbed metal ions, which are found in aqueous solution as simple
chemical species, compared with complexing agents (when the desorbed metal ions
are released in aqueous solution as complex species, which make their recovery to
be more difficult) (Martins et al. 2006).

However, the efficiency of the regenerated marine algae biomass in the biosorp-
tion processes of toxic heavy metal ions decreases as the number of biosorption/
desorption cycles increases (Gautam et al. 2015; Cechinel et al. 2018; Tran and
Chao 2018). This makes that in most cases, the use of marine algae biomass is not
efficient after 68 repeated use (Table 4.8).

The loss in the biosorption efficiency of regenerated marine algae biomass in
superior cycles is probably caused by (Gautam et al. 2015; Zeraatkar et al. 2016):

* Incomplete desorption of toxic heavy metal ions — if the desorption agent is not
suitable or he does not have a well-chosen concentration, not all the toxic metal
ions retained by biosorption are released in the desorption processes, and so
some functional groups from marine algae biomass surface are not released after
desorption.

e After several treatments of exhausted marine algae biomass with concentrated
solution desorption agents, the structure of biomass can be irreversibly degraded,
due to the low mechanical resistance of marine algae biomass that results in a
decrease in the number of functional groups available for toxic heavy metal
biosorption.
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Table 4.8 Decreasing of biosorption efficiency (% loss) of marine algae biomass in multiple
biosorption/desorption cycles of toxic heavy metal ions

Metal Marine algae Desorption No.

ion biomass agent cycles | % loss | References

Cd(n) Ulva lactuca 0.1 M HCI 3 32.10 Lupea et al. (2012a)
Oedogonium sp. 0.5 M HCI 5 27.70 Gupta and Rastogi (2008)

Cu(Il) Halimeda gracilis 0.2 M HCI 2 18.30 Jayakumar et al. (2015)

Cr(VI) | Halimeda gracilis | 0.2 M HCI 10 18.40 Jayakumar et al. (2014)

Cu(II) Ulva lactuca 0.1 M H,SO, 3 43.40 Lau et al. (2003)

Ni(II) Ulva lactuca 0.1 M H,SO, 3 32.80

Zn(II) Ulva lactuca 0.1 M H,SO, 3 46.60

Cu(Il) Gracilaria caudata | 0.5 M CaCl, 2 29.00 Cechinel et al. (2018)

Ni(II) Gracilaria caudata | 0.5 M CaCl, 2 11.00

Zn(II) Gracilaria caudata | 0.5 M CaCl, 2 36.00

Unfortunately, these two major disadvantages (incomplete desorption of toxic
heavy metal ions and gradual degradation of the marine algae biomass after each
biosorption/desorption cycles) have an important contribution to the limitation of
practical applicability of marine algae biosorbents in the removal processes of toxic
heavy metal ions from aqueous media on a large scale. Therefore, finding new ways
for the valorization of the exhausted marine algae biomasses loaded with toxic
heavy metal ions is still an open issue for research.

4.6 Conclusions and Final Remarks

However, the use of marine algae biomass as biosorbents for the removal of toxic
heavy metal ions has several important advantages, such as the following:

* Are cheap and available in many regions of the world.

e Their cultivation does not require agricultural soil, so they do not compete with
agricultural crops.

* Requires only a few easy and simple stages for preparation.

e Have in their structure various functional groups that easily bind toxic heavy
metal ions from aqueous media.

For these low-cost materials have found only few industrial applications at this time.

This is due to the fact that the use of marine algae biomass as biosorbent in
the removal processes of toxic heavy metal ions has two important drawbacks,
namely, the biosorptive performances of marine algae biomass are lower than the
the ion-exchange resins, and the marine algae biomasses have low mechanical resis-
tance and short duration of use, which are responsible for the limited applicability
of these versatile materials in the treatment of industrial wastewater.
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Under these conditions, the further studies related to the marine algae biosor-
bents should be directed to the finding of:

(i) Adequate treatments of marine algae biomass that allow for increased of their
biosorption capacity and thus to improve their biosorptive performances.

(i) Adequate immobilization procedures of marine algae biomasses on various
supports (often polymeric), which will increase their mechanical strength and
life of utilization.

However, the use of marine algae biomass as biosorbent in the advanced treat-
ment of wastewater containing heavy metal ions could be a helpful solution for the
efficient treatment of industrial effluents.

Acknowledgment Financial support for this study was provided by the Romanian National
Authority for Scientific Research, CNCS — UEFISCDI, project number PN-III-P4-ID-PCE-
2016-0500.

References

Abdolali A, Ngo HH, Guo W, Lu S, Chen SS, Nguyen NC, Zhang X, Wang J, Wu Y (2016) A
breakthrough biosorbent in removing heavy metals: equilibrium, kinetic, thermodynamic
and mechanism analyses in a lab-scale study. Sci Total Environ 542:603-611. https://doi.
org/10.1016/j.scitotenv.2015.10.095

Ahmady-Asbchin S, Andres Y, Gerente C, Le Cloirec P (2008) Biosorption of Cu(II) from aque-
ous solution by Fucus serratus: surface characterization and sorption mechanisms. Bioresour
Technol 99:6150-6155. https://doi.org/10.1016/j.biortech.2007.12.040

Ainane T, Abourriche A, Kabbaj M, Elkouali M, Bennamara A, Charrouf M, Talbi M (2014)
Removal of hexavalent chromium from aqueous solution by raw and chemically modified sea-
weed Bifurcaria bifurcata. J Mater Environ Sci 5:975-982

Ajjabi LC, Chouba L (2009) Biosorption of Cu** and Zn** from aqueous solutions by dried
marine green macroalga Chaetomorpha linum. J Environ Manag 90:3485-3489. https://doi.
org/10.1016/j.jenvman.2009.06.001

AKklil A, Mouflih M, Sebti S (2004) Removal of heavy metal ions from water by using calcined
phosphate as a new adsorbent. J Hazard Mater 112:183-190. https://doi.org/10.1016/].
jhazmat.2004.05.018

AL-Othman ZA, Inamuddin, Naushad M (2011) Adsorption thermodynamics of trichloroace-
tic acid herbicide on polypyrrole Th(IV) phosphate composite cation-exchanger. Chem Eng
J 169:38-42. https://doi.org/10.1016/j.cej.2011.02.046

Apiratikul R, Pavasant P (2008) Batch and column studies of biosorption of heavy met-
als by Caulerpa lentillifera. Bioresour Technol 99:2766-2777. https://doi.org/10.1016/j.
biortech.2007.06.036

Areco MM, dos Santos Afonso M (2010) Copper, zinc, cadmium and lead biosorption by
Gymnogongrus torulosus. Thermodynamics and kinetics studies. Colloids Surf B Biointerfaces
81:620-628. https://doi.org/10.1016/j.colsurfb.2010.08.014

Aydin H, Bulut Y, Yerlikaya C (2008) Removal of copper (II) from aqueous solution by adsorp-
tion onto low-cost adsorbents. J Environ Manag 87:37-45. https://doi.org/10.1016/].
jenvman.2007.01.005

Babel S, Kurniawan TA (2003) Low-cost adsorbents for heavy metals uptake from contaminated
water: areview. ] Hazard Mater B 97:219-243. https://doi.org/10.1016/S0304-3894(02)00263-7


https://doi.org/10.1016/j.scitotenv.2015.10.095
https://doi.org/10.1016/j.scitotenv.2015.10.095
https://doi.org/10.1016/j.biortech.2007.12.040
https://doi.org/10.1016/j.jenvman.2009.06.001
https://doi.org/10.1016/j.jenvman.2009.06.001
https://doi.org/10.1016/j.jhazmat.2004.05.018
https://doi.org/10.1016/j.jhazmat.2004.05.018
https://doi.org/10.1016/j.cej.2011.02.046
https://doi.org/10.1016/j.biortech.2007.06.036
https://doi.org/10.1016/j.biortech.2007.06.036
https://doi.org/10.1016/j.colsurfb.2010.08.014
https://doi.org/10.1016/j.jenvman.2007.01.005
https://doi.org/10.1016/j.jenvman.2007.01.005
https://doi.org/10.1016/S0304-3894(02)00263-7

4 Bioremediation of Toxic Heavy Metals Using Marine Algae Biomass 93

Badescu IS, Bulgariu D, Bulgariu L (2017) Alternative utilization of algal biomass (Ulva sp.)
loaded with Zn(II) ions for improving of soil quality. J Appl Phycol 29(2):1069-1079. https://
doi.org/10.1007/s10811-016-0997-y

Bakatula EN, Cukrowska EM, Weiersbye IM, Mihaly-Cozmuta L, Peter A, Tutu H (2014)
Biosorption of trace elements from aqueous systems in gold mining sites by the filamentous
green algae (Oedogonium sp.). J Geochem Explor 144:492-503. https://doi.org/10.1016/].
gexplo.2014.02.017

Barakat MA (2011) New trends in removing heavy metals from industrial wastewater. Arab
J Chem 4:361-377. https://doi.org/10.1016/j.arabjc.2010.07.019

Bermudez YG, Rico ILR, Bermudez OG, Guibal E (2011) Nickel biosorption using Gracilaria
caudata and Sargassum muticum. Chem Eng J 166:122-131. https://doi.org/10.1016/].
cej.2010.10.038

Bulgariu D, Bulgariu L (2012) Equilibrium and kinetics studies of heavy metal ions biosorp-
tion on green algae waste biomass. Bioresour Technol 103:489-493. https://doi.org/10.1016/].
biortech.2011.10.016

Bulgariu L, Lupea M, Ciubota-Rosie C, Macoveanu M (2010) Possibility of using algae biomass
for removing Pb(II) ions from aqueous solutions. Sci Pap J Agron Ser 53(1):79-83

Castro L, Blazquez ML, Gonzalez F, Muiioz JA, Ballester A (2017) Biosorption of Zn(II) fro-
mindustrial effluents using sugar beet pulp and F. vesiculosus: from laboratory tests to a pilot
approach. Sci Total Environ 598:856—866. https://doi.org/10.1016/j.scitotenv.2017.04.138

Cechinel MAP, Mayer DA, Mazur LP, Silva LGM, Girardi A, Vilar VJP, de Souza AAU, de
Souza SMAGU (2018) Application of ecofriendly cation exchangers (Gracilaria caudata
and Gracilaria cervicornis) for metal ions separation and recovery from a synthetic petro-
chemical wastewater: batch and fixed bed studies. J Clean Prod 172:1928-1945. https://doi.
org/10.1016/j.jclepro.2017.11.235

Chen Z, Ma W, Han M (2008) Biosorption of nickel and copper onto treated alga (Undaria pin-
natifida): application of isotherm and kinetic models. J Hazard Mater 155:327-333. https://doi.
org/10.1016/j.jhazmat.2007.11.064

Chojnacka K (2010) Biosorption and bioaccumulation — the prospects for practical applications.
Environ Int 36:299-307. https://doi.org/10.1016/j.envint.2009.12.001

Chong KH, Volesky B (1995) Description of two-metal biosorption equilibria by Langmuir-type
models. Biotechnol Bioeng 47(4):451-460. https://doi.org/10.1002/bit.260470406

Cruz CCYV, Costa CAC, Henriques CA, Luna AS (2004) Kinetic modeling and equilibrium studies
during cadmium biosorption by dead Sargassum sp. biomass. Bioresour Technol 91(3):249—
257. https://doi.org/10.1016/S0960-8524(03)00194-9

Davis TA, Volesky B, Mucci A (2003) A review of the biochemistry of heavy metal biosorption by
brown algae. Water Res 37:4311-4330. https://doi.org/10.1016/S0043-1354(03)00293-8

De Gisi S, Lofrano G, Grassi M, Notarnicola M (2016) Characteristics and adsorption capacities of
low-cost sorbents for wastewater treatment: a review. Sustain Mater Technol 9:10-40. https://
doi.org/10.1016/j.susmat.2016.06.002

Delle A (2001) Factors affecting sorption of organic compounds in natural sorbent/water system
sand sorption coefficients for selected pollutants. A review. J Phys Chem Ref Data 30:187-439.
https://doi.org/10.1063/1.1347984

Deng L, Su'Y, Su H, Wang X, Zhu X (2007) Sorption and desorption of lead (II) from waste-
water by green algae Cladophora fascicularis. J Hazard Mater 143:220-225. https://doi.
org/10.1016/j.jhazmat.2006.09.009

Deng L, Zhang Y, Qin J, Wang X, Zhu X (2009) Biosorption of Cr(VI) from aqueous solutions by
nonliving green algae Cladophora albida. Miner Eng 22:372-377. https://doi.org/10.1016/].
mineng.2008.10.006

Dixit R, Wasiullah MD, Pandiyan K, Singh U, Sahu A, Shukla R, Singh B, Rai J, Sharma P,
Lade H, Paul D (2015) Bioremediation of heavy metals from soil and aquatic environment: an
overview of principles and criteria of fundamental processes. Sustainability 7(2):2189-2212.
https://doi.org/10.3390/su7022189


https://doi.org/10.1007/s10811-016-0997-y
https://doi.org/10.1007/s10811-016-0997-y
https://doi.org/10.1016/j.gexplo.2014.02.017
https://doi.org/10.1016/j.gexplo.2014.02.017
https://doi.org/10.1016/j.arabjc.2010.07.019
https://doi.org/10.1016/j.cej.2010.10.038
https://doi.org/10.1016/j.cej.2010.10.038
https://doi.org/10.1016/j.biortech.2011.10.016
https://doi.org/10.1016/j.biortech.2011.10.016
https://doi.org/10.1016/j.scitotenv.2017.04.138
https://doi.org/10.1016/j.jclepro.2017.11.235
https://doi.org/10.1016/j.jclepro.2017.11.235
https://doi.org/10.1016/j.jhazmat.2007.11.064
https://doi.org/10.1016/j.jhazmat.2007.11.064
https://doi.org/10.1016/j.envint.2009.12.001
https://doi.org/10.1002/bit.260470406
https://doi.org/10.1016/S0960-8524(03)00194-9
https://doi.org/10.1016/S0043-1354(03)00293-8
https://doi.org/10.1016/j.susmat.2016.06.002
https://doi.org/10.1016/j.susmat.2016.06.002
https://doi.org/10.1063/1.1347984
https://doi.org/10.1016/j.jhazmat.2006.09.009
https://doi.org/10.1016/j.jhazmat.2006.09.009
https://doi.org/10.1016/j.mineng.2008.10.006
https://doi.org/10.1016/j.mineng.2008.10.006
https://doi.org/10.3390/su7022189

94 L. Bulgariu and D. Bulgariu

Donmez G, Aksu Z, Ozturk A, Kutsal T (1999) A comparative study on heavy metal biosorp-
tion characteristics of some algae. Process Biochem 34:885-892. https://doi.org/10.1016/
S0032-9592(99)00005-9

Egel A, Doner G (2013) A new biosorbent for the removal of Cu(Il) from aqueous solution; red
marine alga, Ceramium rubrum. E3S Web of Conferences 25009. https://doi.org/10.1051/
e3sconf/20130125009

El-Hassouni H, Abdellaoui D, Hani SEL, Bengueddour R (2014) Biosorption of cadmium(II) and
copper(Il) from aqueous solution using red alga (Osmundea pinnatifida) biomass. J Mater
Environ Sci 5:967-974

El-Sikaily A, ElI-Nemr A, Khaled A, Abdelwehab O (2007) Removal of toxic chromium from
wastewater using green alga Ulva lactuca and its activated carbon. J Hazard Mater 148:216—
228. https://doi.org/10.1016/j.jhazmat.2007.01.146

El-Sikaily A, El Nemr A, Khaled A (2011) Copper sorption onto dried red alga Pterocladia
capillacea and its activated carbon. Chem Eng J 168:707-714. https://doi.org/10.1016/].
cej.2011.01.064

E-PRTR (2016) European pollutant release and transfer register. Copenhagen, Denmark. http://
prtr.ec.europa.eu/#/home

Esposito A, Pagnanelli F, Veglio F (2002) pH-related equilibria models for biosorption in single-
metal systems. Chem Eng Sci 57:307-313. https://doi.org/10.1016/S0009-2509(01)00399-2

Farooq U, Kozinski JA, Khan MA, Athar M (2010) Biosorption of heavy metal ions using wheat
based biosorbents — a review of the recent literature. Bioresour Technol 101:5043-5053.
https://doi.org/10.1016/j.biortech.2010.02.030

Febrianto J, Kosasih AN, Sunarso J, Ju YH, Indrawati N, Ismadji S (2009) Equilibrium and kinetic
studies in adsorption of heavy metals using biosorbent: a summary of recent studies. J Hazard
Mater 162:616-645. https://doi.org/10.1016/j.jhazmat.2008.06.042

Finocchio E, Lodi A, Solisio C, Converti A (2010) Chromium (VI) removal by methylated biomass
of Spirulina platensis: the effect of methylation process. Chem Eng J 156(2):264-269. https://
doi.org/10.1016/j.cej.2009.10.015

Freitas OMM, Martins RJE, Delerue-Matos CM, Boaventura RAR (2008) Removal of Cd(Il),
Zn(II) and Pb(Il) from aqueous solutions by brown marine macro algae: kinetic modelling.
J Hazard Mater 153:493-501. https://doi.org/10.1016/j.jhazmat.2007.08.081

Gautam RK, Sharma SK, Mahiya S, Chattopadhyaya MC (2015) Contamination of heavy metals
in aquatic media: transport, toxicity and technologies for remediation. In: Heavy metals in
water: presence, removal and safety. The Royal Society of Chemistry, Cambridge, pp 1-24.
https://doi.org/10.1039/9781782620174-00001

Gerente C, Lee VCK, Le Cloirec P, McKay G (2007) Application of chitosane removal of met-
als from wastewaters by adsorption — mechanisms and model review. Crit Rev Environ Sci
Technol 37:41-127. https://doi.org/10.1080/10643380600729089

Ghasemi M, Naushad M, Ghasemi N, Khosravi-fard Y (2014) Adsorption of Pb(II) from
aqueous solution using new adsorbents prepared from agricultural waste: adsorption
isotherm and kinetic studies. J Ind Eng Chem 20:2193-2199. https://doi.org/10.1016/j.
jiec.2013.09.050

Gokhale SV, Jyoti KK, Lele SS (2008) Kinetic and equilibrium modeling of chromium (VI) bio-
sorption on fresh and spent Spirulina platensis/Chlorella vulgaris biomass. Bioresour Technol
99(9):3000-3008. https://doi.org/10.1016/j.biortech.2007.07.039

Guiry M (2012) www.Seaweed.ie

Gupta V, Rastogi A (2008) Equilibrium and kinetic modelling of cadmium (II) biosorption by non-
living algal biomass Oedogonium sp. from aqueous phase. J Hazard Mater 153(1):759-766.
https://doi.org/10.1016/j.jhazmat.2007.09.021

Gupta VK, Nayak A, Agarwal S (2015) Bioadsorbents for remediation of heavy metals: cur-
rent status and their future prospects. Environ Eng Res 20(1):1-18. https://doi.org/10.4491/
eer.2015.018

Hamdy AA (2000) Biosorption of heavy metals by marine algae. Curr Microbiol 41:232-238.
https://doi.org/10.1007/s002840010126


https://doi.org/10.1016/S0032-9592(99)00005-9
https://doi.org/10.1016/S0032-9592(99)00005-9
https://doi.org/10.1051/e3sconf/20130125009
https://doi.org/10.1051/e3sconf/20130125009
https://doi.org/10.1016/j.jhazmat.2007.01.146
https://doi.org/10.1016/j.cej.2011.01.064
https://doi.org/10.1016/j.cej.2011.01.064
http://prtr.ec.europa.eu/#/home
http://prtr.ec.europa.eu/#/home
https://doi.org/10.1016/S0009-2509(01)00399-2
https://doi.org/10.1016/j.biortech.2010.02.030
https://doi.org/10.1016/j.jhazmat.2008.06.042
https://doi.org/10.1016/j.cej.2009.10.015
https://doi.org/10.1016/j.cej.2009.10.015
https://doi.org/10.1016/j.jhazmat.2007.08.081
https://doi.org/10.1039/9781782620174-00001
https://doi.org/10.1080/10643380600729089
https://doi.org/10.1016/j.jiec.2013.09.050
https://doi.org/10.1016/j.jiec.2013.09.050
https://doi.org/10.1016/j.biortech.2007.07.039
http://www.seaweed.ie
https://doi.org/10.1016/j.jhazmat.2007.09.021
https://doi.org/10.4491/eer.2015.018
https://doi.org/10.4491/eer.2015.018
https://doi.org/10.1007/s002840010126

4 Bioremediation of Toxic Heavy Metals Using Marine Algae Biomass 95

Hannachi Y, Rezgui A, Dekhi AB, Boubaker T (2015) Removal of cadmium(II) from aqueous
solutions by biosorption onto the brown macroalga (Dictyota dichotoma). Desalin Water Treat
54:1663-1673. https://doi.org/10.1080/19443994.2014.891078

Hashim MA, Chu KH (2004) Biosorption of cadmium by brown, green, and red seaweeds. Chem
Eng J 97:249-255. https://doi.org/10.1016/S1385-8947(03)00216-X

Herrero R, Cordero B, Lodeiro P, Rey-Castro C, Sastre de Vicente ME (2006) Interactions of
cadmium(II) and protons with dead biomass of marine algae Fucus sp. Mar Chem 99:106—-116.
https://doi.org/10.1016/j.marchem.2005.05.009

Ibrahim WM (2011) Biosorption of heavy metal ions from aqueous solution by red macroalgae.
J Hazard Mater 192:1827-1835. https://doi.org/10.1016/j.jhazmat.2011.07.019

Jambo SA, Abdulla R, Mohd Azhar SH, Marbawi H, Gansau JA, Ravindra P (2016) A review
on third generation bioethanol feedstock. Renew Sust Energ Rev 65:756-769. https://doi.
org/10.1016/j.rser.2016.07.064

Jayakumar R, Rajasimman M, Karthikeyan C (2014) Sorption of hexavalent chromium from
aqueous solution using marine green algae Halimeda gracilis: optimization, equilibrium,
kinetic, thermodynamic and desorption studies. J Environ Chem Eng 2:1261-1274. https://doi.
org/10.1016/j.jece.2014.05.007

Jayakumar R, Rajasimman M, Karthikeyan C (2015) Optimization, equilibrium, kinetic, ther-
modynamic and desorption studies on the sorption of cu(Il) from anaqueous solution using
marine green algae: Halimeda gracilis. Ecotoxicol Environ Saf 121:199-210. https://doi.
org/10.1016/j.ecoenv.2015.03.040

Jha B, Basha S, Jaiswar S, Mishra B, Thakur MC (2009) Biosorption of Cd(II) and Pb(II)
onto brown seaweed, Lobophora variegata (Lamouroux): kinetic and equilibrium studies.
Biodegradation 20:1-13. https://doi.org/10.1007/s10532-008-9194-2

Johansson CL, Paul NA, de Nys R, Roberts DA (2016) Simultaneous biosorption of selenium,
arsenic and molybdenum with modified algal-based biochars. J Environ Eng 165(1):117-123.
https://doi.org/10.1016/j.jenvman.2015.09.021

Judd SJ (2016) The status of industrial and municipal effluent treatment with membrane bioreactor
technology. Chem Eng J 305:37—-45. https://doi.org/10.1016/j.cej.2015.08.141

Kalyani S, Srinivasa Rao P, Krishnaiah A (2004) Removal of nickel (II) from aqueous solutions
using marine macroalgae as the sorbing biomass. Chemosphere 57:1225-1229. https://doi.
org/10.1016/j.chemosphere.2004.08.057

Karthikeyan S, Balasubramanian R, Iyer CSP (2007) Evaluation of the marine algae Ulva fasciata
and Sargassum sp. for the biosorption of Cu(Il) from aqueous solutions. Bioresour Technol
98:452-455. https://doi.org/10.1016/j.biortech.2006.01.010

Kolodynska D, Krukowska J, Thomas P (2017) Comparison of sorption and desorption studies of
heavy metal ions from biochar and commercial active carbon. Chem Eng J 307(1):353-363.
https://doi.org/10.1016/j.cej.2016.08.088

Kostas E, White D, Du C, Cook D (2016) Selection of yeast strains for bioethanol production from
UK seaweeds. J Appl Phycol 28:1427-1441. https://doi.org/10.1007/s10811-015-0633-2

Kumar YP, King P, Prasad VSRK (2006) Removal of copper from aqueous solution using Ulva
fasciata sp.-A marine green algae. J Hazard Mater B 137:367-373. https://doi.org/10.1016/j.
jhazmat.2006.02.010

Kumar YP, King P, Prasad VSRK (2007) Adsorption of zinc from aqueous solution using
marine green algae-Ulva fasciata sp. Chem Eng J 129:161-166. https://doi.org/10.1016/].
¢ej.2006.10.023

Lasheen MR, Ammar NS, Ibrahim HS (2012) Adsorption/desorption of Cd(II), Cu(II) and Pb(II)
using chemically modified orange peel: equilibrium and kinetic studies. J Solid State Chem
14:202-210. https://doi.org/10.1016/j.solidstatesciences.2011.11.029

Lau TC, Ang PO, Wong PK (2003) Development of seaweed biomass as a biosorbent for metal
ions. Water Sci Technol 47(1):49-54. https://doi.org/10.2166/wst.2003.0536

Lee YC, Chang SP (2011) The biosorption of heavy metals from aqueous solution by Spirogyra
and Cladophora filamentous macroalgae. Bioresour Technol 102:5297-5304. https://doi.
org/10.1016/j.biortech.2010.12.103


https://doi.org/10.1080/19443994.2014.891078
https://doi.org/10.1016/S1385-8947(03)00216-X
https://doi.org/10.1016/j.marchem.2005.05.009
https://doi.org/10.1016/j.jhazmat.2011.07.019
https://doi.org/10.1016/j.rser.2016.07.064
https://doi.org/10.1016/j.rser.2016.07.064
https://doi.org/10.1016/j.jece.2014.05.007
https://doi.org/10.1016/j.jece.2014.05.007
https://doi.org/10.1016/j.ecoenv.2015.03.040
https://doi.org/10.1016/j.ecoenv.2015.03.040
https://doi.org/10.1007/s10532-008-9194-2
https://doi.org/10.1016/j.jenvman.2015.09.021
https://doi.org/10.1016/j.cej.2015.08.141
https://doi.org/10.1016/j.chemosphere.2004.08.057
https://doi.org/10.1016/j.chemosphere.2004.08.057
https://doi.org/10.1016/j.biortech.2006.01.010
https://doi.org/10.1016/j.cej.2016.08.088
https://doi.org/10.1007/s10811-015-0633-2
https://doi.org/10.1016/j.jhazmat.2006.02.010
https://doi.org/10.1016/j.jhazmat.2006.02.010
https://doi.org/10.1016/j.cej.2006.10.023
https://doi.org/10.1016/j.cej.2006.10.023
https://doi.org/10.1016/j.solidstatesciences.2011.11.029
https://doi.org/10.2166/wst.2003.0536
https://doi.org/10.1016/j.biortech.2010.12.103
https://doi.org/10.1016/j.biortech.2010.12.103

96 L. Bulgariu and D. Bulgariu

Lesmana SO, Febriana N, Soetaredjo FE, Sunarso J, Ismadji S (2009) Studies on potential applica-
tions of biomass for the separation of heavy metals from water and wastewater. Biochem Eng
J44:9-41. https://doi.org/10.1016/j.bej.2008.12.009

Liu Y, Cao Q, Luo F, Chen J (2009) Biosorption of Cd**, Cu?**, Ni** and Zn?* ions from aque-
ous solutions by pretreated biomass of brown algae. J Hazard Mater 163:931-938. https://doi.
org/10.1016/j.jhazmat.2008.07.046

Lodeiro P, Cordero B, Barriada JL, Herrero R, Sastre de Vicente ME (2005) Biosorption of cad-
mium by biomass of brown marine macroalgae. Bioresour Technol 96:1796-1803. https://doi.
org/10.1016/j.biortech.2005.01.002

Lodeiro P, Barriada JL, Herrero R, Sastre de Vicente ME (2006) The marine macroalgae Cystoseira
baccata as biosorbent for cadmium(Il) and lead(Il) removal: kinetic and equilibrium studies.
Environ Pollut 142:264-273. https://doi.org/10.1016/j.envpol.2005.10.001

Luo F, Liu Y, Li X, Xuan Z, Ma J (2006) Biosorption of lead ion by chemically modified bio-
mass of marine brown algae Laminaria japonica. Chemosphere 64:1122—1127. https://doi.
org/10.1016/j.chemosphere.2005.11.076

Lupea M, Bulgariu L, Macoveanu M (2012a) Biosorption of cd(Il) from aqueous solutions on
marine algae biomass. Environ Eng Manag J 11(3):607-615

Lupea M, Bulgariu L, Macoveanu M (2012b) Adsorption of Cobalt(Il) from aqueous solution
using marine green algae — Ulva Lactuca sp. Bull IP Iasi 58(1):41-47

Lyer A, Mody K, Jha BK (2005) Biosorption of heavy metals by a marine bacterium. Mar Pollut
Bull 50:175-179. https://doi.org/10.1016/j.marpolbul.2004.11.012

Maehre H, Malde M, Eilertsen K, Elvevoll E (2014) Characterization of protein, lipid and mineral
contents in common Norwegian seaweeds and evaluation of their potential as food and feed.
J Sci Food Agric 94:3281-3290. https://doi.org/10.1002/jsfa.6681

Malik A (2004) Metal bioremediation through growing cells. Environ Int 30:267-278. https://doi.
org/10.1016/j.envint.2003.08.001

Marques PASS, Rosa MF, Pinheiro HM (2000) pH effects on the removal of Cu*?, Cd** and Pb**
from aqueous solution by waste brewery biomass. Bioprocess Eng 23:135-141

Martins RJE, Pardo R, Boaventura RAR (2004) Cadmium (II) and zinc (II) adsorption by the
aquatic moss Fontinalis antipyretica: effect of temperature, pH and water hardness. Water Res
38(3):693-699. https://doi.org/10.1016/j.watres.2003.10.013

Martins BL, Cruz CCV, Luna AS, Henriques CA (2006) Sorption and desorption of Pb2+ ions
by dead Sargassum sp. biomass. Biochem Eng J 27:310-314. https://doi.org/10.1016/].
bej.2005.08.007

Mata YN, Blazquez ML, Ballester A, Gonzalez F, Munoz JA (2008) Characterization of the bio-
sorption of cadmium, lead and copper with the brown alga Fucus vesiculosus. J Hazard Mater
158:316-323. https://doi.org/10.1016/j.jhazmat.2008.01.084

Mazur LP, Cechinel MAP, de Souza SMAGU, RAR B, VJP V (2018) Brown marine macroalgae
as natural cation exchangers for toxic metal removal from industrial wastewaters: a review.
J Environ Manag 223:215-253. https://doi.org/10.1016/j.jenvman.2018.05.086

Meinita MDN, Marhaeni B, Oktaviani DF, Jeong GT, Hong YK (2017) Comparison of bioetha-
nol production from cultivated versus wild Gracilaria verrucosa and Gracilaria gigas. J Appl
Phycol 30:143-147. https://doi.org/10.1007/s10811-017-1297-x

Mendoza CA, Cortes G, Munoz D (1998) Heavy metal pollution in soils and sediments of rural
developing district 063, Mexico. Environ Toxicol Water Qual 11(4):327-333. https://doi.
org/10.1002/(SICI)1098-2256

Michalak I, Chojnacka K, Witek-Krowiak A (2013) State of the art for the biosorption process — a
review. Appl Biochem Biotechnol 170:1389-1416. https://doi.org/10.1007/s12010-013-0269-0

Monteiro C, Castro PL, Malcata FX (2010) Cadmium removal by two strains of Desmodesmus
pleiomorphus cells. Water Air Soil Pollut 208(1-4):17-27. https://doi.org/10.1007/
s11270-009-0146-1

Murphy V, Hughes H, McLoughlin P (2008) Comparative study of chromium biosorption by red,
green and brown seaweed biomass. Chemosphere 70:1128-1134. https://doi.org/10.1016/].
chemosphere.2007.08.015


https://doi.org/10.1016/j.bej.2008.12.009
https://doi.org/10.1016/j.jhazmat.2008.07.046
https://doi.org/10.1016/j.jhazmat.2008.07.046
https://doi.org/10.1016/j.biortech.2005.01.002
https://doi.org/10.1016/j.biortech.2005.01.002
https://doi.org/10.1016/j.envpol.2005.10.001
https://doi.org/10.1016/j.chemosphere.2005.11.076
https://doi.org/10.1016/j.chemosphere.2005.11.076
https://doi.org/10.1016/j.marpolbul.2004.11.012
https://doi.org/10.1002/jsfa.6681
https://doi.org/10.1016/j.envint.2003.08.001
https://doi.org/10.1016/j.envint.2003.08.001
https://doi.org/10.1016/j.watres.2003.10.013
https://doi.org/10.1016/j.bej.2005.08.007
https://doi.org/10.1016/j.bej.2005.08.007
https://doi.org/10.1016/j.jhazmat.2008.01.084
https://doi.org/10.1016/j.jenvman.2018.05.086
https://doi.org/10.1007/s10811-017-1297-x
https://doi.org/10.1002/(SICI)1098-2256
https://doi.org/10.1002/(SICI)1098-2256
https://doi.org/10.1007/s12010-013-0269-0
https://doi.org/10.1007/s11270-009-0146-1
https://doi.org/10.1007/s11270-009-0146-1
https://doi.org/10.1016/j.chemosphere.2007.08.015
https://doi.org/10.1016/j.chemosphere.2007.08.015

4 Bioremediation of Toxic Heavy Metals Using Marine Algae Biomass 97

Naushad M (2014) Surfactant assisted nano-composite cation exchanger: development, charac-
terization and applications for the removal of toxic Pb2+ from aqueous medium. Chem Eng
J235:100-108. https://doi.org/10.1016/j.cej.2013.09.013

NTPA 001/2005 and NTPA 002/2005: https://gnm.ro/otherdocs/nsbhrtjqp.pdf

Pahlavanzadeh H, Keshtkar AR, Safdari J, Abadi Z (2010) Biosorption of nickel(Il) from aqueous
solution by brown algae: equilibrium, dynamic and thermodynamic studies. J] Hazard Mater
175:304-310. https://doi.org/10.1016/j.jhazmat.2009.10.004

Pandya KY, Patel RV, Jasrai RT, Brahmbhatt N (2017) Optimization of Cr abd Cu biosorption
by green marine algae Caulerpa racemosa, Cylindracea and Ulva lactuca. Int J Adv Res
5(8):923-939

Plaza Cazon J, Viera M, Donati E, Guibal E (2013) Zinc and cadmium removal by biosorption on
Undaria pinnatifida in batch and continuous processes. J Environ Manag 129:423-434. https://
doi.org/10.1016/j.jenvman.2013.07.011

Praveena RS, Vijayaraghavan K (2015) Optimization of Cu(Il), Ni(II), Cd(II) and Pb(II) biosorp-
tion by red marine alga Kappaphycus alvarezii. Desalin Water Treat 55(7):1816—1824. https://
doi.org/10.1080/19443994.2014.927334

Qaiser S, Saleemi AR, Ahmad MM (2007) Heavy metal uptake by agro based waste materials.
Electron J Biotechnol 10:409-416. https://doi.org/10.4067/S0717-34582007000300008

Qin F, Wen B, Shan X, Xie Y, Liu T, Zhang S, Khan S (2006) Mechanisms of competitive
adsorption of Pb, Cu, and Cd on peat. Environ Pollut 144:669-680. https://doi.org/10.1016/j.
envpol.2005.12.036

Rangabhashiyam S, Anu N, Nandagopal Giri MS, Selvaraju N (2014) Relevance of isotherm mod-
els in biosorption of pollutants by agricultural by products. J Environ Chem Eng 2(1):398-414.
https://doi.org/10.1016/j.jece.2014.01.014

Robals A, Naja GM, Klavins M (2016) Highlighting inconsistencies regarding metal biosorption.
J Hazard Mater 304:553-556. https://doi.org/10.1016/j.jhazmat.2015.10.042

Romera E, Gonzalez F, Ballester A, Blasquez ML, Munoz JA (2006) Biosorption with algae: a sta-
tistical review. Crit Rev Biotechnol 26:223-235. https://doi.org/10.1080/07388550600972153

Romera E, Gonzalez F, Ballester A, Blazquez ML, Munoz JA (2007) Comparative study of bio-
sorption of heavy metals using different types of algae. Bioresour Technol 98:3344-3353.
https://doi.org/10.1016/j.biortech.2006.09.026

Sarada B, Prasad MK, Kumar KK, Murthy CVR (2014) Cadmium removal by macro algae
Caulerpa fastigiata: characterization, kinetic, isotherm and thermodynamic studies. J Environ
Chem Eng 2:1533-1542. https://doi.org/10.1016/j.jece.2014.07.016

Sari A, Tuzen M (2008a) Biosorption of Pb(II) and Cd(II) from aqueous solution using green
alga (Ulva lactuca) biomass. J Hazard Mater 152:302-308. https://doi.org/10.1016/j.
jhazmat.2007.06.097

Sari A, Tuzen M (2008b) Biosorption of cadmium(Il) from aqueous solution by red algae
(Ceramium virgatum): equilibrium, kinetic and thermodynamic studies. J Hazard Mater
157:448-454. https://doi.org/10.1016/j.jhazmat.2008.01.008

Sari A, Tuzen M (2008c) Biosorption of total chromium from aqueous solution by red algae
(Ceramium virgatum): equilibrium, kinetic and thermodynamic studies. J Hazard Mater
160:349-355. https://doi.org/10.1016/j.jhazmat.2008.03.005

Sarwa P, Verma SK (2014) Recovery and recycling of Zn(II) from wastewater by Scenedesmus
sp. MCC 26 isolated from a heavy metal contaminated site. Clean Soil Air Water 42(9):1298-
1303. https://doi.org/10.1002/clen.201300398

Satapathy D, Natarajan GS (2006) Potassium bromate modification of the granular activated
carbon and its effect on nickel adsorption. Adsorption 12:147-154. https://doi.org/10.1007/
$10450-006-0376-0

Sheng PX, Ting YP, Chen JP, Hong L (2004) Sorption of lead, copper, cadmium, zinc, and nickel
by marine algal biomass: characterization of biosorptive capacity and investigation of mecha-
nisms. J Colloid Interface Sci 275(1):131-141. https://doi.org/10.1016/].jcis.2004.01.036

Simionescu C, Rusan V, Popa V (1974) Marine algae chemistry (in Romanian). Romanian
Academy Publisher, Bucharest


https://doi.org/10.1016/j.cej.2013.09.013
https://gnm.ro/otherdocs/nsbhrtjqp.pdf
https://doi.org/10.1016/j.jhazmat.2009.10.004
https://doi.org/10.1016/j.jenvman.2013.07.011
https://doi.org/10.1016/j.jenvman.2013.07.011
https://doi.org/10.1080/19443994.2014.927334
https://doi.org/10.1080/19443994.2014.927334
https://doi.org/10.4067/S0717-34582007000300008
https://doi.org/10.1016/j.envpol.2005.12.036
https://doi.org/10.1016/j.envpol.2005.12.036
https://doi.org/10.1016/j.jece.2014.01.014
https://doi.org/10.1016/j.jhazmat.2015.10.042
https://doi.org/10.1080/07388550600972153
https://doi.org/10.1016/j.biortech.2006.09.026
https://doi.org/10.1016/j.jece.2014.07.016
https://doi.org/10.1016/j.jhazmat.2007.06.097
https://doi.org/10.1016/j.jhazmat.2007.06.097
https://doi.org/10.1016/j.jhazmat.2008.01.008
https://doi.org/10.1016/j.jhazmat.2008.03.005
https://doi.org/10.1002/clen.201300398
https://doi.org/10.1007/s10450-006-0376-0
https://doi.org/10.1007/s10450-006-0376-0
https://doi.org/10.1016/j.jcis.2004.01.036

98 L. Bulgariu and D. Bulgariu

Sulaymon AH, Mohammed AA, Al-Musawi TJ (2013) Competitive biosorption of lead, cad-
mium, copper, and arsenic ions using algae. Environ Sci Pollut Res 20:3011-3023. https://doi.
0rg/10.1007/s11356-012-1208-2

Syukor ARA, Sulaiman S, Siddique MNI, Zularisam AW, Said MIM (2016) Integration of phy-
togreen for heavy metal removal from wastewater. J Clean Prod 112:3124-3131. https://doi.
org/10.1016/j.jclepro.2015.10.103

Tobin JM, Cooper DG, Neufeld RJ (1988) The effects of cation competition on metal adsorp-
tion by rhizopus-arrhizus biomass. Biotechnol Bioeng 31:282-286. https://doi.org/10.1002/
bit.260310315

Tran HN, Chao HP (2018) Adsorption and desorption of potentially toxic metals on modified bio-
sorbents through new green grafting process. Environ Sci Pollut Res 25:12808-12820. https://
doi.org/10.1007/s11356-018-1295-9

UNESCO  (2003)  http://www.unesco.org/new/en/natural-sciences/environment/water/wwap/
wwdr/wwdr1-2003

Vijayaraghavan K, Balasubramanian R (2015) Is biosorption suitable for decontamination of metal-
bearing wastewaters? A critical review on the state-of-the-art of biosorption processes and future
directions. J Environ Manag 160:283-296. https://doi.org/10.1016/j.jenvman.2015.06.030

Vilar VIP, Botelho CMS, Boaventura RAR (2006) Equilibrium and kinetic modelling of Cd(II)
biosorption by algae Gelidium and agar extraction algal waste. Water Res 40:291-302. https://
doi.org/10.1016/j.watres.2005.11.008

Volesky B, Holan ZR (1995) Biosorption of heavy metals. Biotechnol Prog 11:235-250

Wang J, Chan C (2009) Biosorbent for heavy metals removal and their future. Biotechnol Adv
27:195-226. https://doi.org/10.1016/j.biotechadv.2008.11.002

Wang XS, Li ZZ, Sun C (2009) A comparative study of removal of Cu(II) from aqueous solutions
by locally low-cost materials: marine macroalgae and agricultural by-products. Desalination
235:146-159. https://doi.org/10.1016/j.desal.2008.02.008

Wu S, Wallace S, Brix H, Kuschk P, Kirui WK, Masi F, Dong R (2015) Treatment of industrial
effluents in constructed wetlands: challenges, operational strategies and overall performance.
Environ Pollut 201:107-120. https://doi.org/10.1016/j.envpol.2015.03.006

Yang L, Chen P (2008) Biosorption of hexavalent chromium onto intact and chemically modified
Sargassum sp. ] Bioresour Technol 99:297-307. https://doi.org/10.1016/j.biortech.2006.12.021

Zakhama S, Dhaouadi H, M’Henni F (2011) Nonlinear modelisation of heavy metal removal
from aqueous solution using Ulva lactuca algae. Bioresour Technol 102:786-796. https://doi.
org/10.1016/j.biortech.2010.08.107

Zeraatkar AK, Ahmadzadeh H, Talebi AF, Moheimani NR, McHenry MP (2016) Potential use of
algae for heavy metal bioremediation, a critical review. ] Environ Manag 181:817-831. https://
doi.org/10.1016/j.jenvman.2016.06.059

Zhang L, Zhao B, Xu G, Guan Y (2018) Characterizing fluvial heavy metal pollutions under dif-
ferent rainfall conditions: implication for aquatic environment protection. Sci Total Environ
635:1495-1506. https://doi.org/10.1016/j.scitotenv.2018.04.211

Zhao G, Wu X, Tan X, Wang X (2011) Sorption of heavy metal ions from aqueous solutions: a
review. Open Colloid Sci J 4:19-31. https://doi.org/10.2174/1876530001104010019


https://doi.org/10.1007/s11356-012-1208-2
https://doi.org/10.1007/s11356-012-1208-2
https://doi.org/10.1016/j.jclepro.2015.10.103
https://doi.org/10.1016/j.jclepro.2015.10.103
https://doi.org/10.1002/bit.260310315
https://doi.org/10.1002/bit.260310315
https://doi.org/10.1007/s11356-018-1295-9
https://doi.org/10.1007/s11356-018-1295-9
http://www.unesco.org/new/en/natural-sciences/environment/water/wwap/wwdr/wwdr1-2003
http://www.unesco.org/new/en/natural-sciences/environment/water/wwap/wwdr/wwdr1-2003
https://doi.org/10.1016/j.jenvman.2015.06.030
https://doi.org/10.1016/j.watres.2005.11.008
https://doi.org/10.1016/j.watres.2005.11.008
https://doi.org/10.1016/j.biotechadv.2008.11.002
https://doi.org/10.1016/j.desal.2008.02.008
https://doi.org/10.1016/j.envpol.2015.03.006
https://doi.org/10.1016/j.biortech.2006.12.021
https://doi.org/10.1016/j.biortech.2010.08.107
https://doi.org/10.1016/j.biortech.2010.08.107
https://doi.org/10.1016/j.jenvman.2016.06.059
https://doi.org/10.1016/j.jenvman.2016.06.059
https://doi.org/10.1016/j.scitotenv.2018.04.211
https://doi.org/10.2174/1876530001104010019

	Chapter 4: Bioremediation of Toxic Heavy Metals Using Marine Algae Biomass
	4.1 Introduction
	4.2 Sources of Toxic Heavy Metals Pollution
	4.3 Preparation and Characterization of Marine Algae Biosorbents
	4.4 Marine Algae Biosorbents for Removal of Toxic Heavy Metals
	4.4.1 Selection of Optimal Conditions for the Biosorption Process
	4.4.2 Biosorptive Performances of Marine Algae Biosorbents

	4.5 Regeneration and Recycling of Exhausted Marine Algae Biomass
	4.6 Conclusions and Final Remarks
	References


