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Biosorption of Heavy Metals by Lignocellulosic Biomass
and Chemical Analysis
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Many types of lignocellulosic biomass show effective binding of toxic
heavy metals from industrial and environmental effluents. Biosorption is
an emerging option for conventional methods to remove heavy metals,
some of them with even better efficiencies compared to conventional
methods. Raw material for biosorption is typically low-cost and easily
available, including agricultural waste or forest residues such as
sawdust, bark, or needles. This review concentrates on the accumulation
of heavy metals by lignocellulosic biosorbents. Thus far, biosorption has
not been economically feasible on a large scale and needs further
development for profitability. Industrial-scale wood-based biosorbent
applications are especially still lacking. Moreover, due to legislative
demands, there is an increasing need for accurate and reliable analytical
methods for metal analysis of environmental and industrial effluents. In
the future, biosorption processes are likely to become common, and the
requirement for environmental monitoring will increase due to ever
restricting regulations. This emphasizes not only the need for the
development of feasible process solutions, but also a requirement for
accurate analytical methods.
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INTRODUCTION

In industrialized countries, biomass contributes to approximately 10 to 15% of
energy demand, while nuclear and fossil fuels cover the remaining percentage (Khan et
al. 2009). In developing countries, biomass consumption can account for up to one third
of total energy supplies (Faaij 2004). In the European Union (EU), the utilization of
biomass has increased in recent decades and is expected to increase further in the future
(Nakicenovic and Swart 2000). In the EU, the target has been set by the Renewable
Energy Directive to reach a target of 20% final energy consumption from renewable
sources by the year 2020. The member states have committed to reaching their own
national renewables targets, ranging from 10% in Malta to 49% in Sweden (EC 2009).

Lignocellulosic biomass refers to plant material composed of cellulose,
hemicellulose, lignin, and extractives. Extractives can be defined as a group of
hydrophilic and hydrophobic, organic and inorganic components in wood other than
cellulose, hemicellulose, and lignin. Lignocellulosic biomass can be classified into virgin
and waste biomass, including wood-based biomass. Wood biomass is harvested for
industrial purposes and often is available in large quantities at an economical price. In
this context, wood biomass is defined as biomass derived from lignified plants, such as
trees, bushes, and forest residues.
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Metals and chemicals used in industrial processes have led to the generation of
large volumes of effluents with toxic heavy metals, for example, in mining, mineral
processing, and metallurgical operations. Metals are categorized as biologically essential
and non-essential, the latter including aluminum (Al), cadmium (Cd), mercury (Hg), tin
(Sn), and lead (Pb), which have no known biological function but increasing toxicity at
elevated concentrations (Sfakianakis et al. 2011). Essential metals, such as copper (Cu),
chromium (Cr), cobalt (Co), iron (Fe), molybdenum (Mo), nickel (Ni), and zinc (Zn) play
a biological role, showing either metabolic deficiencies or toxic effects at increased
concentrations. Heavy metals are recalcitrant elements and can pollute water resources or
accumulate and concentrate in living tissue (Mata et al. 2009). Heavy metals can enter
the human diet and accumulate gradually in the human body. Depending on the element
and the length of exposure, a variety of adverse health effects can occur, such as learning
difficulties (Pb), neurological and psychological symptoms (Hg), nephrotoxicity,
osteotoxicity, kidney damage (Cd), lung damage (Hg), negative gastrointestinal and
central nervous symptoms (arsenic, As), and the increased risk of cancer (WHO 1992;
Jérup 2003; Li et al. 2006).

Heavy metal contamination is a serious concern in many countries (Mahar et al.
2016). For example, Cd pollution has become one of the most serious environmental
problems worldwide (Folgar et al. 2009; Zacchini et al. 2009). Conventional treatment
technologies are not economical and can generate large amounts of toxic sludge
(Ahluwalia and Goyal 2007).

There is an urgent need to develop more cost-effective methods due to the high
costs of traditional methods used to remove heavy metals from wastewaters. Sorption of
metals by wood-based biomass has large potential in removing metals from aqueous
solutions and their recovery for further use. Treetops and branches make up 20 to 30% of
the aboveground biomass of trees, which provides a large potential quantity of material
suitable for such a purpose (Werkelin et al. 2010).

This review aims at presenting suitable methods for the removal of heavy metals
from aqueous environmental and industrial effluents. Although there are a variety of
living (bacteria, molds, and fungi) and non-living (industrial and agricultural waste, forest
residues) materials suitable for biosorption, the authors concentrated on the biosorption of
wood-based biomass.

Expectedly, the use of biomass for a variety of forestry and wood-based industrial
purposes on a commercial and municipal scale will become more common, as well as
achieving policy goals on renewable energy. However, biosorption has not yet been cost-
effective on a large scale, which limits its use in commercial applications (Crini 2006).
This leads to the requirement of a variety of statutory follow-ups of chemicals and heavy
metals. In the EU, the treatment of wastewater and sludge are controlled by the European
Commission Urban Waste Water Directive 91/271/EEC (EC 1991). This regulation
contains limits for metal content in reused sewage sludge. Additionally, the United States
Environmental Protection Agency (EPA) has listed the maximum allowable limits for
several heavy metals. For this purpose, standardized analytical methods are required to
detect and quantify heavy metal concentrations. Therefore, a variety of analytical
methods to detect and quantify heavy metals was reviewed.
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INORGANICS IN BIOMASS

Metals in Biomass

The elemental composition of dry wood is typically approximately 50% carbon,
6% hydrogen, 44% oxygen, and trace amounts of inorganic compounds, varying based on
wood species and the place of growth. Typically, coniferous species (softwood) have a
higher cellulose and lignin content and a lower pentosane content compared to deciduous
(hardwood) species. Additionally, ash content, the quantity of inorganics in wood, is
often higher in hardwoods (Pettersen 1984; Rowell et al. 2013). In total, the proportion of
inorganics ranges from 0.5 to 1%, and rarely exceeds 1% of dry wood in temperate zones
(Sjostrom and Alén 1998). However, wood in a tropical or subtropical region can contain
inorganics of up to 5%.

Among the inorganics in wood, calcium (Ca), magnesium (Mg), and potassium
(K) are the most common, comprising up to 80% of the inorganic material, wood ash
being mainly Ca carbonate due to the high Ca content of wood material (Lambert 1981;
Khan et al. 2009). There are also trace amounts of heavy metals, such as Al, barium (Ba),
boron (B), Co, Cr, Cu, Fe, gallium (Ga), lithium (Li), manganese (Mn), Mo, Ni, Pb,
rubidium (Rb), silicon (Si), silver (Ag), sodium (Na), strontium (Sr), titanium (Ti), Sn,
vanadium (V), and Zn (Ellis 1965), some of them being essential for wood growth. In
wood, they exist mostly as carbonates, sulfates, and oxalates or are bound to carboxyl
groups of pectic materials (Hon and Shiraishi 1991). In biomass, sulfur (S) occurs in salts
or as reduced in organic compounds, while chlorine (CI) is mostly in soluble salts (Bryers
1996). In contrast, phosphorous (P) is in inorganic salts or organic compounds as esters
and pyrophosphates, while silicon is mostly present as silica. Metal ions occur
organically associated with biomass fibers or can remain in minerals precipitated as salts
or occur in solution as free ions or complexes (Werkelin et al. 2010).

Environmental conditions, atmospheric pollutants, soil chemistry, and abiotic
factors influence the tree growth, chemical composition, and location of inorganics
within the tree (Jyske et al. 2014). For example, trees with compression wood show
different elemental concentrations compared to unstressed wood (Prohaska et al. 1998).
Chemical elements in annually formed tree rings are controlled by the cation-binding
capacity of wood, radial growth rates, transformation of sapwood into heartwood, and
radial translocation of elements in the tree stem. Most trees show declining cation
concentration with increasing tree age due to binding-exchange properties in wood tissue
as opposed to sap-soil chemistry. Due to translocation, the presence of an element in a
specific year ring does not necessarily mean the presence of the element in the
environment that year. This especially applies to young trees with no distinct heartwood
formation (DeWalle et al. 1995).

There is an uneven distribution of inorganics in pine trees throughout wood
tissues, needles, and bark. Cambium, the metabolically active boundary between
sapwood and bark, can contain an order of magnitude of higher concentrations of Mg,
Ca, K, and P compared to sapwood, while the lowest levels were found in heartwood
(Yoshida et al. 2011). Werkelin et al. (2010) found higher levels of CI in the shoots and
needles of spruce compared to wood, twigs, and bark. Swietlik et al. (2012) studied the
chemical distribution of Cd, Cu, Mn, Pb, and Zn in wood fly ash from pine sawdust and
hardwood logs (acacia, alder, beech, birch, and oak). They found a higher proportion of
heavy metals in hardwood than in softwood. Cd and Zn, which are regarded as
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bioavailable, pose the highest potential hazard for the environment and human health
(Swietlik et al. 2012).

Inorganic compounds are transferred into the wood via the roots. There is a high
variability between species and especially between the barks of different species
(Lambert 1981). Typically, the content of inorganics is higher in the needles, leaves, and
bark compared to the stem wood (Harder and Einspehr 1980). The lowest contents of
inorganics have been detected in the heartwood, with the lowest variability in the
heartwood of different species. In earlywood, higher contents have been found compared
to latewood (Rowell et al. 2013). Based on Pettersen (1984), the highest levels of
inorganic compounds in different wood species were found in the basswood Tilia
americana (K, 2.8 parts per thousand (ppt)), in quaking aspen Populus tremuloides (Ca
1.1 ppt, K 1.2 ppt), and in white ash Fraxinus americana (K 2.6 ppt, Mg 1.8 ppt).

Heavy Metals

Generally, the term heavy metal refers to metals or metalloids having an atomic
density of more than 4 g dm™ or 5 times that of water (Hawkes 1997) that are toxic or
poisonous even at low concentrations (Nagajyoti et al. 2010). Heavy metals include, Ag,
As, Cd, Co, Cr, Fe, Ni, Pb, Zn, and the platinum group elements. Heavy metals are also
called trace elements due to their presence in trace (10 mg kg™) or ultratrace (1 pg kg?)
quantities. From the ecotoxicological perspective, the most dangerous metals are Pb, Cd,
Cr(VI), and Hg (Ahluwalia and Goyal 2007). Heavy metals found in aquatic
environments have been a concern for decades (Bengtsson et al. 1979). Heavy metals are
considered bioavailable in both organic and dissolved ionic forms.

Pollution due to heavy metals originates both from natural and anthropogenic
sources. Naturally, heavy metals occur in ore minerals in the earth’s crust and are
released due to weathering, leading to a range of normal background concentrations in
soil, sediments, water, and organisms (O’Connell et al. 2008). Among sedimentary rocks,
shale has the highest concentrations of heavy metals, followed by limestone and
sand-stone. Volcanoes, wind dust from desert regions, forest fires, and marine aerosols all
contribute to the transporting of heavy metals (Nagajyoti et al. 2010). Industrial processes
and other human activities have led to the contamination of soils with heavy metals
(Laureysens et al. 2004). Heavy metals are introduced into the aquatic environment via
industrial activities, such as from ore refining, tanneries, paper industry waste, and as
pesticides (Celik and Demirbas 2005). For example, mining, smelting, and agriculture
have contaminated large areas with heavy metals, mostly with Cd, Cu, and Zn (Herawati
et al. 2000).

Exposure to heavy metals has been linked to various cancers, kidney damage,
autoimmunity, developmental retardation, and even death (Hokkanen et al. 2013).
Additionally, Cr, Fe, selenium (Se), V, Cu, Ni, Cd, Hg, As, Zn, and Pb have known toxic
effects and are hazardous to human health. For example, an accumulation of Cd in a
human affects the kidneys and bones, and causes cancer, while Cr compounds are
nephrotoxic and carcinogenic (Chen and Hao 1998). In addition to human health, toxic
metals are harmful for other life forms. Metal ions bioaccumulate in the environment and
are magnified along the food chain, leading to more pronounced toxic effects in animals
at higher trophic levels. The element Cd accumulates in aquatic organisms via dietary or
aqueous exposure (Liao et al. 2011), with a half-life of 10 to 30 years (Moore and
Ramamoorthy 1984). The main mechanism of toxicity is the antagonistic interaction
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between the uptake of the Ca?* and Cd?* ions, leading to acute hypocalcemia and growth
reduction (McGeer et al. 2011).

The toxicity of heavy metals for plants varies by plant species, specific metal,
concentration, chemical form, and pH. Some heavy metals (e.g., Cu and Zn) have
catalytic properties or act as cofactors or activators in enzyme reactions, while others
(e.g., As, Cd, and Hg) have toxic effects on enzymes. Many enzymes contain Zn, which
IS required to maintain the integrity of ribosomes (Nagajyoti et al. 2010). Some heavy
metals are essential for animals and plants, such as Fe, Cu, and Zn as micronutrients
(Wintz et al. 2002), but excess uptake can lead to toxic effects (Monni et al. 2000). For
example, Cu is an essential micronutrient for living organisms, but it can be toxic at
increased levels (Hernandez et al. 2006). It is essential to plants for photosynthesis, a
constituent of the primary electron donor, and a cofactor of several enzymes (Mahmood
and Islam 2006). In contrast, the element Fe is a component of hemoglobin, myoglobin,
and cytochrome.

Lead (Pb) is a persistent heavy metal characterized as a hazardous priority
substance by EU directive 1907/2006 (EC 2006). Concentrations of Pb have increased in
the environment due to anthropogenic activities (Mager 2011; Sfakianakis et al. 2015).
The bioavailability of Pb depends on its adsorption into the sediment, the content of
organic matter in water, pH, alkalinity, and hardness (Sepe et al. 2003; Mager 2011),
with the Pb?* ion being the most toxic form. At high levels, Pb causes encephalopathy,
cognitive impairment, anemia, kidney damage, and behavioral disturbances (Pagliuca and
Mufti 1990).

BIOSORPTION

Biosorption can be defined as an ability of certain biomass to bind and
concentrate heavy metals from even dilute aqueous solutions. In particular, the cell wall
structure exhibits this property (Ahluwalia and Goyal 2007). Biosorption involves a solid
sorbent, liquid phase, and the dissolved species to be sorbed. Biomass behaves as an ion-
exchanger, taking only from minutes to a few hours to achieve an efficient metal uptake
(Ahluwalia and Goyal 2007).

Many methods have been developed to remove heavy metals from effluents, but
especially in the mining industry, mixtures of heavy metals in aqueous solutions pose
challenges for traditional water treatment methods. Conventionally, heavy metals have
been removed by precipitation, filtration, ion exchange, reverse osmosis, and
electrodialysis ultrafiltration from aqueous solutions, or they have been adsorbed by
activated carbon (Patterson 1985; Das et al. 2008). For example, by increasing the
effluent pH, soluble metals can be converted into insoluble hydroxides. Unfortunately,
chemical precipitation is ineffective, especially at low concentrations (< 50 mg L%),
while ion exchange, membrane, and adsorption processes have high operating costs (Das
et al. 2008). Additionally, many traditional methods produce large amounts of sludge that
requires further treatment (Sud et al. 2008). Activated carbon is a widely used adsorbent
for the removal of heavy metals, but its use suffers from high operating costs and
complex thermal regeneration (Hokkanen et al. 2013).

Biosorption can be a cost-effective alternative and is appropriate for removing
metals from effluents (Sud et al. 2008). Biosorbents are readily available and can remove
heavy metals at concentrations as low as 1 mg per ton (Montes-Atenas and Schroeder
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2015), often unattainable by conventional methods. The main advantages of biosorption
over conventional methods are the low cost of renewable organic material, the minimal
use of chemicals, the possibility of metal recovery, and the regeneration of the biosorbent
(Bailey et al. 1999; Vieira and Volesky 2000). In recent decades, a high number of
studies have been conducted to find inexpensive and sustainable sorbent materials for the
removal of heavy metal species from aqueous solutions (Al-Asheh et al. 2003; Cao et al.
2004; Jang et al. 2005). However, little effort has been made to design economically
viable industrial applications (Sud et al. 2008). Seaweeds, molds, yeasts, other microbial
biomass, and agricultural waste have been widely explored (Zhou and Kiff 1991; Bailey
et al. 1999; Sudha and Abraham 2003), but recently the focus has been on studying waste
and the by-products of large-scale industrial operations. Materials containing cellulose
especially show potential in metal binding. Wood-based biomass has a suitable chemical
composition, is renewable, abundant, and an economical option for adsorbing heavy
metals.

Biosorbents

Different biomass materials have been investigated as potential biosorbents for
heavy metals. Such applications have been reviewed by Hubbe et al. (2011). Potential
biosorbants include sawdust (Bryant et al. 1992; Volesky and Holan 1995), pine bark and
needles (Vazque et al. 1994), canola meal (Al-Asheh and Duvnjuk 1998; Al-Asheh et al.
1998), rice straw, soybean hulls, sugarcane bagasse, and peanut shells (Johns et al. 1998).
Saeed et al. (2005) used papaya wood, generated as waste in papaya plantations with no
other commercial use, to bind metals; the wood showed a high efficiency in removing
heavy metals from aqueous solutions (Saeed et al. 2005). Additionally, biosorption of
metals has been reported in a variety of biomaterials, including microalgae, seaweed,
bacteria, fungi, and crop residues (Saeed et al. 2002). Some logging waste has been
studied as a biosorbent, such as plant bark (Acacia arabica, eucalyptus) and pine needles,
showing 90 to 100% for Cr removal efficiencies (Mohan et al. 2006; Sarin and Pant
2006; Venkateswarlu et al. 2007).

Lignocellulosic biosorbents produced as waste material and by-products of
various industries have been used to adsorb metals ions from aqueous solutions. For
example, mechanically treated peach stone particles have been used to bind copper ions
from aqueous solutions (Lopic¢i¢ et al. 2017). Peach stone particles showed interactions
between copper ions and carboxyl and hydroxyl groups. Similarly, apricot (Prunus
armeniaca) shells produced as waste product in fruit processing were able to adsorb
copper, zinc, and lead ions (Cu?*, Zn?*, and Pb?*) after an alkali treatment (Sostariéc et
al. 2018). Vilardi et al. (2018) reported use of olive stones, the main solid waste from the
olive oil industry, coated by iron and magnetite nanoparticles in binding Cr(VI) from
aqueous solutions. Additionally, crushed chili seeds (Capsicum annuum) have been used
to adsorb cadmium and lead ions (Cd?*, Pb?*) from aqueous solutions (Medellin-Castillo
et al. 2017). They found that elevated pH and temperature increased electrostatic
interactions between the negatively charged surfaces and the metal cations. Khan and
Rao (2017) reported that copper and nickel ions can be adsorbed from wastewater by
alkali treated butternut (Cucurbita moschata) biomass. The treatment increased the acidic
functional groups on the surface of the biomass and led to increased adsorption
efficiencies of copper and nickel.

Even less common agricultural waste has been tested (Cimino et al. 2000;
Annadurai et al. 2002; Reddad et al. 2002b; Hashem et al. 2006a, 2006b), such as banana
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and orange peels, hazelnut shells, cellulose pulp, cotton stalks, particles of palm trees,
and sugar beet pulp. Demirbas (2008) showed that a biosorbent made of agricultural by-
products can be used to remove heavy metals from industrial and municipal wastewater.
The use of other plant parts as adsorbents, such as pea peels, fig leaves, broad beans,
medlar peels, and jackfruits has shown high removal efficiencies at acidic pH levels
(Benaissa 2006). Additionally, marine algal, coffee residues with clay, and cocoa shells
have been effective as natural sorbents in binding metal ions from aqueous solutions
(Boonamnuayvitaya et al. 2004; Meunier et al. 2004; Sheng et al. 2004).

Cellulose is a renewable, abundantly available biopolymer. However, there are
few functional groups in the cellulose fiber that can bind heavy metals. Therefore, a
derivatization is required to build binding sites (Navarro et al. 2001), for example, by
catalytic and selective oxidation of primary hydroxyl groups (Isogai and Kato 1998), or
succinylation (Gellerstedt et al. 2000). Modified cellulose has scarcely been studied as an
adsorbent for heavy metals. However, Hokkanen et al. (2013) studied modified micro-
and nanocellulose as an adsorbent for binding Zn, Ni, Cu, Co, and Cd in aqueous
solutions. They found that the succinic anhydride modification of nanocellulose was
effective in binding metals with a regeneration ability of 96 to 100%, showing potential
for water treatment applications.

Typically, heavy metals are associated with finer-sized particle classes, the
highest metal concentrations are in the less than 1 mm cluster (Sharma et al. 1997;
Bardos 2004). Therefore, mechanical screening and the removal of the finest fraction
have been suggested to produce a final product with an agricultural value (Zennaro et al.
2005). Furthermore, Pb is the most strongly bound element in typical organic material
(Zheng et al. 2004; Reimann 2007), and Ni is the weakest. Lead is taken up by the roots
and stored as pyrophosphate in cell walls (Dunn 2007). For example, Dunn et al. (1992)
reported concentrations of 311 mg kg™ Pb in spruce bark. The spruce bark was collected
from Canada, a place distant from any contamination of anthropogenic origin.

Wood bark is mostly used as a combustible material with little added value, but it
is also suitable as a sorbent. However, bark naturally contains tannins and other
complexation agents that can be released in the solution (Montes-Atenas and Schroeder
2015). Therefore, a pretreatment of bark is required to inactivate the complexation
agents. Acid activation increases the adsorption capacity, but the activation in acidic
media varies depending on the activating agent, concentration, and temperature (Palma et
al. 2003). Montes-Atenas and Schroeder (2015) showed that adsorption of Pb on pine
bark (Pinus radiata) can achieve almost 100% removal of Pb(Il) from a 100 mg L
solution. They concluded that the sorption mainly takes place at the lignocellulosic C-O
groups, while adsorption occurs at the phenolic sites. Su (2012) studied the sorption
properties of metal ions in tree-related materials. Bark material showed the highest
sorption capacity for metal ions, while the lowest was in wood sawdust. Su concluded
that the sorption capacity of metals on wood material decreases in the following order:
Fe3+ >> Pb2+ >> Cu2+ >> Fe2+ > Cd2+ > Zn2+ > Ni2+ > Ba2+ Z Ca2+ 2 Mn2+ 2 SI’2+ > Mgz+
> Rb* ~ K* ~ Na* ~ Li+ and Fe* >> Pb?* > Cu?* >> Cd** > Zn?* > Ni** > Ba** > Ca®* >
Sr2* > Mn?* > Mg?* > K* ~Na* ~ Li* for bark material.

Scots pine Pinus sylvestris (Taty-Costodes et al. 2003) and rubber wood sawdust
(Raji et al. 1997) have shown 85 to 90% removal efficiencies of heavy metals, at an
optimal pH of 5 to 6. Ucun et al. (2002) used the cone biomass of P. sylvestris as a
biosorbent for Cr removal from artificial wastewater. They reported a high adsorption
capacity of 84%, with the highest level detected at an acidic pH level of 1.0. Similarly,
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Nuhoglu and Oguz (2003) used cone biomass of oriental thuja (Thuja orientalis) as a
biosorbent for the removal of Cu from aqueous effluents. However, they detected
increased sorption at a neutral pH level of 7.7 and 98% adsorption of Cu(ll).

Biosorption Process

Biosorption is a complex process, comprising of chemisorption, complexation,
adsorption on surface and pores, ion exchange, chelation and adsorption due to physical
forces on chemically active sites or functional groups (Volesky 2003), and entrapment by
inter- and intrafibrillary capillaries as a result of concentration gradient and diffusion
(Sarkanen and Ludwig 1971; Qaiser et al. 2007). Metal ions can be sequestered in
biomass by, e.g., acetamide, amino, phosphate, amide, amine, sulfhydryl, and carboxyl
groups (Ahluwalia and Goyal 2007). The binding capacity of a biomass is often in the
same range with synthetic cation-exchange resins (Wase and Foster 1997). However, the
early saturation of biomass may be a problem or have the ability to biologically alter the
metal valence state.

Typically, the metal uptake by biosorption proceeds in the passive mode (Madrid
and Camara 1997). Passive, not metabolically mediated biosorption is a dynamic
reversible adsorption-desorption process, able to bind metal ions by (dead) biomass from
solution. Metal ions are adsorbed onto the surface of biomass due to interactions between
the metals and the functional groups of biomass (Das et al. 2008). In this context,
biosorption includes several passive, i.e. non-metabolic mechanisms, such as
coordination, complexation, ion-exchange, and microprecipitation. It can be distinguished
from bioaccumulation, an active, metabolically mediated transport of chemical species.

The type of biomass (living or non-living), the properties of the metal solution,
and the ambient conditions affect the mechanism of biosorption. Initial metal
concentration, temperature, pH, and biomass concentration are the main factors affecting
biosorption. However, at a range of 20 to 35 °C, the temperature seems to be in minor
role, with pH being the most important factor (Aksu et al. 1992; Pagnanelli et al. 2003).
An increase in pH leads to decreased competition between protons and metal cations for
the same functional groups. Pagnanelli et al. (2003) showed that at a pH level of 2,
biosorption was minimal, while a sharp increase occurred at pH levels of 3 to 4 (95.5%
Cu, 87.7% Cd, and 62.7% Zn). Adsorption can be performed as long as heavy metals
remain in the solution, but the maximum adsorption capacity depends on the properties of
the ion solution and the adsorbing substrate (Montes et al. 2006). Additionally, a
decreased positive surface charge leads to a lower repulsion between the surface and
metal ions (Reddad et al. 2002a).

The usefulness of a biosorbent material depends on its sorption capacity, but also
on its regeneration ability and potential to be reused (Bishnoi and Garima 2005), which is
important for industrial applications. If sorption occurs on the surface of a biosorbent,
desorption occurs more easily via simple methods, while an intracellularly bound sorbate
requires destructive methods such as incineration or dissolution into strong acids or bases
(Gadd and White 1993). Destructive methods are only economical for a cheap biosorbent
and recently the aim has been to use non-destructive methods (Vijayaraghavan and Yun
2008).

Modification of biomass
There are several physical and chemical modification methods to enhance the
performance of biosorbent materials, including conversion into activated carbon or
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biochar (loannidou and Zabaniotou 2007; Suhas et al. 2007). Typically, physical
modification is simpler and more inexpensive, but often less effective compared to
chemical modification. An improved sorption ability can be obtained through modifying
functional groups (Vijayaraghavan and Yun 2008; Wan Ngah and Hanafiah 2008). For
example, acid washing can enhance the capacity of a biosorbent for cationic metals.
Additionally, an increase of functional groups or a formation of new ones can enhance
the biosorption capacity (Wan Ngah and Hanafiah 2008). Binding sites can be increased
by adding long polymer chains onto the surface of a raw biomass, as was extensively
reviewed by O’Connell et al. (2008). For living microbial biomass, optimum culture
conditions can increase the biosorption capacity (Vijayaraghavan and Yun 2008).

Chemical modification may be required if the unmodified cellulosic biomass has
an insufficient content of functional groups to perform well as a biosorbant. Modification
is typically based on esterification, etherification, halogenation, or oxidation (O’Connell
et al. 2008). For example, Low et al. (2004) used citric acid anhydride to react with
cellulose hydroxyl groups, leading to esterification. The increased carboxylic content of
the fiber surface was able to increase the sorption potential for divalent metal ions.
Halogenation can be performed by reacting cellulose and bromine, yielding 6-bromo-6-
deoxycellulose and finally 6-deoxy-6-mercaptocellulose, with its S-substituted
derivatives (Aoki et al. 1999). The adsorption properties of cellulose can be improved via
oxidation, for example, periodate oxidation yielding cellulose-hydroxamic derivatives
(Maekawa and Koshijima 1990). Finally, etherification is achieved by reacting alkali
cellulose with organic halides, such as epichlorohydrin, and yielding epoxy groups for
further reactions with a chelating agent (Navarro et al. 1996).

Industrial applications

Biosorption can work in batches or be continuous. The choice depends on the
physical characteristics of the biosorbent, hydraulic flow, the type of target pollutant,
plant space, and invested capital. Many alternatives have been investigated, such as
stirred tank reactors, up-flow or down-flow packed bed reactors, fluidized bed reactors,
rotating contactors, trickle filters, and airlift reactors (Atkinson et al. 1998; Malik 2004).
Theoretically, the down-flow packed bed reactor is the most effective among the
continuous process options. This is due to gravitational forces transferring water through
the bed (Atkinson et al. 1998). Additionally, the column biosorption reactor is suitable
for pollutant removal in a continuous mode (Volesky 2007). More recently, biosorption
via biofunctional magnetic beads has been suggested (Li et al. 2008). Beads made of
Rhizopus cohnii and Fez04 particles coated with alginate and polyvinyl alcohol were able
to host Cr biosorption in the form of Cr(VI). Groups of NH3*, NH,*, and NH were the
main binding sites of the Cr ions.

For industrial applications, the main factors affecting biosorption are solution pH,
temperature, ionic strength, initial pollutant concentration, biosorbent dosage, biosorbent
size, agitation speed, and the coexistence of other pollutants (Park et al. 2010), of which
pH is the most important. It affects the solution chemistry, activity of the functional
groups in the biosorbent, and the competition with coexisting ions (Vijayaraghavan and
Yun 2008). Generally, an increase in pH leads to the enhanced removal of cationic metals
and reduced removal in the case of anionic metals. Biosorption is typically enhanced as
the temperature increases through increased Kkinetic energy and surface activity
(Vijayaraghavan and Yun 2008), but an excessively high temperature can damage the
biosorbent material’s surface.
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Alkali metals, especially K and Na, are present naturally in biomass (Turn et al.
1997). For plant growth, alkali and alkaline earth metals are important nutrients, and
typically present at low (ppt to ppm) levels. Alkali and alkaline earth metals often remain
in the harvested plant material and react easily with other inorganics, such as silica, S,
and Cl, forming deposits and exhibiting corrosion in facilities utilizing biomass (Wang et
al. 2015a). Deposits are known to be composed of K, Ca silicate, chlorides, sulfates,
carbonates, and hydrates. In combustion systems, alkali compounds foul heat transfer
surfaces, leading to slag formation in grate-fired units and the formation of agglomerates
in fluidized beds. Additionally, the formation of alkali vapor on turbine surfaces may lead
to hot corrosion. The Cl-based corrosion is affected by temperature as well as the
concentrations of alkali metal, CI, S, and oxygen, as reviewed by Nielsen et al. (2000).
For example, ClI can influence the corrosion by forming Cl;, HCI, NaCl, and KCI,
causing direct corrosion via the oxidation of metal alloys. Alkali compounds are largely
water soluble and can be removed by mechanical and leaching methods (Kinoshita et al.
1991).

The first patents for specific types of biosorbents were applied for in the early
1980s. In the 1990s, commercial biomaterials were developed, such as BIO-FIX,
AlgaSORB™ (C. vulgaris), and AMT-BIOCLAIM™ (Bacillus biomass) (Volesky 1990;
Garnham 1997), for the removal of heavy metal ions from industrial or mining
wastewater. The BIO-FIX sorbent can bind heavy metal ions from industrial wastewater
and incorporate a biomass of cyanobacteria (Spirulina), yeasts, algae, or plants (Lemna
sp., Sphagnum sp.), immobilized in polymeric (polysulphone, polyethylene, and
polypropylene) porous beads (Tsezos et al. 2012). In contrast, Advanced Mineral
Technologies Inc. used AMT-BIOCLAIM™ from an industrial fermentation process
(Bacillus subtilis) and achieved a more than 99% removal efficiency of heavy metals
from wastewater (Brierley 1990; Eccles 1995). Finally, MetaGeneR and RAHCO Bio-
Beads have also used biosorbents for the removal of heavy metals in commercial-scale
plants (Chojnacka 2010).

Companies in North America have developed these biosorption processes. In
Colorado, Advance Minera Technologies Inc. developed a biosorbent based on Bacillus
sp. for metal removal, but production was suppressed in 1988. In Canada, a company
named B. V. Sorbex Inc. produced different types of biomaterials based on algae (S.
natans, A. nodosum, Halimeda opuntia, Palmyra pamata, Chondrus crispus, and C.
vulgaris).

The first pilot plant installations, and some commercial-scale units, of biosorption
technology have been constructed in the USA and Canada (Tsezos 1999, 2001). Among
pilot-scale experiments, Zouboulis et al. (2002) used biosorptive flotation in 10-L
columns to remove heavy metals from an aqueous solution with grape stalks from the
wine industry. Artola et al. (2001) achieved a removal of Cu through using anaerobically
digested sludge in a small pilot plant. For example, the biosorption of uranium and other
pollutants has been tested and its applicability for the sequestering of metals and recovery
has been confirmed (Volesky and Tsezos 1982).

In full-scale applications, the biosorption of metals is often based on peat-based
biosorbents (Wase et al. 1997). Wastewater treatment using a peat biosorbent has been
utilized in Maine, Alaska, Canada, and Ireland. For example, Harrison Western
Environmental Services Inc. in Lakewood, Colorado used an application of peat moss
capsules to bind As, Cd, Pb, Ni, and Se from wastewater. However, there were
difficulties in regeneration, reusing biomass, and obtaining a constant supply of
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inexpensive raw material, while other attempts to commercialize biomass biosorption for
wastewater treatment and the recovery of metals have not been successful (Tsezos and
Noh 1987; Brierley et al. 1990, 1991).

Biosorption has been widely tested on a laboratory and pilot scale. However, the
transfer of knowledge from laboratory-scale to large-scale industrial applications is a
relatively slow process. Many biosorption processes are still being developed and
patented for commercial use, but a very limited number of industrial processes or
products in the biosorption area have been implemented. Thus far, there are no industrial
full-size plants using commercialized biosorbents or wood-based biomass (Park et al.
2010). Some biosorbents have been commercialized as adsorbents for metals from
aqueous solutions, mostly of algal or microbial origin, but according to the authors’
knowledge, there are no industrial processes utilizing wood-based biomass.

Biochar

Biochar is typically defined as a non-liquefied carbonaceous solid material
produced in the thermal decomposition of biomass in an oxygen-limited environment.
Several studies have shown the ability of biochar to immobilize organic and inorganic
pollutants (Lattao et al. 2014; Mohan et al. 2014; Inyang et al. 2015). Previously, biochar
has been used for soil amendment (Chan et al. 2008; Abdel-Fattah et al. 2015) and as a
long-term carbon sequestration agent (Wilson et al. 2009), but it also has adsorption
potential for heavy metals in aqueous solutions (Chen et al. 2011; Mahmoud et al. 2012;
Regmi et al. 2012).

Biochar can be produced from a variety of feedstock materials, such as industrial
by-products, and agricultural and forest residues, but even from unconventional
materials, such as municipal solid waste (Hwang et al. 2008), food waste (Rhee and Park
2010), newspapers (Li and Zhang 2004), and bones (Dimovi¢ et al. 2011). Additionally,
biochar can be produced from animal waste, such as poultry litter and dairy manure
(Duku et al. 2011). The main advantage of these materials is their low cost and
abundance. Most forest residues are generated as by-products and waste from harvesting
for bioenergy production, which are often scarcely utilized for other purposes. Recently,
biochar made of industrial waste has raised interest due to its wide availability and low
cost (Yao et al. 2011a, 2011b). During the production of biofuels, biochar is produced as
a by-product and numerous studies have been conducted regarding the development of
lignocellulosic non-food biomass into biofuels (Balan et al. 2013).

Biochar has a porous aromatic surface with oxygen-containing functional groups
that play a crucial role in trapping metals (Abdel-Fattah et al. 2015). Typically, biochar
has a large surface area with a network of micropores (< 2 nm), mesopores (2 to 50 nm),
and macropores (> 50 nm) (Mukherjee et al. 2011). Biochar can adsorb metals, such as
Pb, Cu, Ni, Cd, Hg, and As from aqueous solutions (Budinova et al. 2006; Amuda et al.
2007; Cao et al. 2009; Uchimiya et al. 2010, 2011). Heavy metals can be absorbed by
raw biomass, for example, peat or sawdust (Hu et al. 2008; Sevilla and Fuertes 2009), but
it carries the risk of leaching and metal remobilization (Liu and Zhang 2009). In contrast,
biochar does not lead to such risks. Adsorption on biochar is strongly affected by the
solution pH level, due its effects on the surface hydroxyl groups (Stumm 1992).

Uschmiya et al. (2011) studied the retention of Cu, Ni, Cd, and Pb by biochar
made of broiler litter manure. Paradelo and Barral (2012) used biochar produced from
municipal solid waste to study their retention of Cu, Zn, and Pb. Mohan et al. (2007)
tested the adsorption of toxic materials with fast pyrolysis biochar from oak and pine bark
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as well as from wood. The authors concluded that the maximum adsorption occurred at
pH levels of 3 to 4 for As and at levels of 4 to 5 for Pb and Ca; they also found that the
adsorption of biochar occurred via ion-exchange. Adsorption into the biochar strongly
depends on the structure and chemical properties, which are a function of pyrolysis and
activation processes (Han et al. 2013). Inyang et al. (2011) showed that biochar from
anaerobically digested sugarcane bagasse is a more effective sorbent for Pb than
undigested or activated carbon. Inyang et al. (2012) studied the sorption of heavy metals
by biochar made of anaerobically digested dairy waste and sugar beet. They concluded
that biochar is a suitable sorbent to remove Ni, Cu, Cd, and Pb from wastewater.

Production

There are several ways to produce biochar from biomass, including slow
pyrolysis, flash pyrolysis, and hydrothermal conversion. During slow pyrolysis, biomass
is heated for an extended period of time (5 to 30 min) at 400 to 500 °C without oxygen,
while moderate pyrolysis proceeds at approximately 500 °C for 10 to 20 s and fast
pyrolysis occurs for 1 s (Kumar et al. 2011). Generally, temperatures over 650 °C favor
the formation of gaseous products, while slower heating rates with moderate maximum
temperatures lead to maximized char yield (Kumar et al. 2011). Biochar produced at a
higher temperature has a high pH and surface area (Lehmann 2007), while lower
temperatures lead to a higher oxygen content and more active sites for binding (Kumar et
al. 2011). For example, Abdel-Fattah et al. (2015) studied biochar produced from
pinewood waste via slow pyrolysis. The authors found that the biochar was effective in
removing metal contaminants (Mg, Ca, Cr, and Pb ions) from drinking water and leather
tannery effluent at up to 91.6% removal efficiencies.

Various methods of biochar production, including the pretreatment of feedstock
or the modification of char surface, have led to efficient biochar types with good
adsorption capacity that, in some cases, are even better than those of commercial
activated carbons (Inyang et al. 2011, 2012). It has been reported that the removal
efficiency of Pb and Cd with oak bark is similar to that of a commercial activated carbon
(Calgon F-400) (Mohan et al. 2007). Furthermore, the sorption capacity of biochar can be
enhanced by esterification (Tan et al. 1993). For example, physical treatment via the
pulverization of feedstock prior to pyrolysis can enhance the sorption ability in aqueous
solutions (Tong et al. 2011). Applications of biochar in binding contaminants in soils
have been extensively reviewed by Kookana (2010) and Beesley et al. (2011), while the
production of biochar has been reviewed by Mohan et al. (2014) and Ahmad et al.
(2014).

Chemistry of Sorption

Native wood and other wood-based biomass are mostly composed of lignin and
cellulose, hemicellulose, extractives, lipids, proteins, sugars, starches, water,
hydrocarbons, and inorganics. In general, the functional groups of a biosorbent attract
and sequester heavy metals. Functional groups, such as amide, amine, carbonyl, carboxyl,
esters, hydroxyl, imine, imidazole, sulfonate, sulfhydryl, thioether, phenolic, phosphate,
and phosphodiester groups enable biosorption (Gupta et al. 2000; Vieira and Volesky
2000; Sud et al. 2008). Additionally, steric, conformational, and other barrier properties
can have an effect on the sorption process (Volesky 1994). Biosorption occurs via
chemical and physical mechanisms, such as ion exchange, complexation, adsorption,
precipitation, and entrapment in inner capillaries (Sud et al. 2008).
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The carboxyl groups are mainly uronic in acid type, chemically bound to xylan
hemicellulose, or are found in pectin. Carboxyl groups can also be found in native lignin
and extractives (Bhardwaj et al. 2004). Phenolic hydroxyl groups mostly originate from
lignin. Uronic acid groups often originate from 4-O-methyl glucuronic acid units in xylan
and D-galacturonic acid units in pectins, but also in D-glucuronic acid in arabinogalactan
(Laine et al. 1996; Koljonen et al. 2004). In different wood species, these groups are
mostly methyl-esterified and lactonized (Konn et al. 2007). The molar ratio of glucuronic
acid to xylan is approximately 1:5 in softwood and 10:1 in hardwood (Fengel and
Wegener 1989; Lindstrom 1992). On average, there is 1.5 times more hemicellulose in
hardwood than in softwood.

The binding occurs in phenol and carboxyl groups, in which phenolic groups
originate from residual lignin. The affinity of metal ions to lignin is much higher than to
that of carbohydrates (Perat et al. 2001; Carrot and Carrot 2007). Most carboxylic groups
in pulp are hexenuronic acids that are formed during kraft cooking (Buchert et al. 1995;
Devenyns and Chaveheid 1997). Granholm et al. (2010) studied the chelation of
hardwood and softwood kraft pulp. Many elements in kraft pulp were detected and the
highest concentrations of elements (Na, Ca, Mg, Mn, and K) in hardwood pulp ranged
between 48 and 750 ppm, while only trace amounts of As, Rb, zirconium (Zr), and Sn
(0.04 to 0.11 ppm) were found.

Many studies have shown the importance of carboxylic groups in the sorption of
metal ions to biomass material (Bakir et al. 2009; Hubbe et al. 2011). Wood and bark can
have ion-exchange properties due to certain anionic functional groups. These functional
groups include mostly phenolic hydroxyl groups and carboxyl groups, acting as binding
sites of metal ions to wood and bark. Some remain during pulping and bleaching, while
some new groups are formed in these processes (Fardim and Holmbom 2003).
Additionally, the number and type of functional groups is higher in mechanical pulp
compared to chemical pulp, due to lignin carrying the phenolic hydroxyl groups.
However, in chemical pulp the binding sites are more evenly distributed.

Sorption mechanisms of biochar

The sorption ability of biochar is due to the surface properties that originate from
feedstock material. Oxygen-containing groups, such as hydroxyl, carboxyl, and ether
groups, for example, in oak bark biochar, originate from polyphenolic tannins,
flavonoids, and suberin in bark. They give negatively charged surface sites for the
biochar that can attract positively charged metal ions (Mohan et al. 2007). The pyrolysis
of agricultural residues, such as sugar beet tailings, can lead to electron donor functional
groups, due to the heteropolysaccharides of the feedstock (Aksu and Isoglu 2005). For
example, hydroxyl, carboxyl, and ether functional groups allow the sorption of Cr (Dong
et al. 2011).

Precipitation, complexation, ion exchange, physical sorption, and chemisorption
are among the mechanisms that lead to the removal of heavy metals from aqueous
solutions by biochar. Precipitation is the formation of solid compounds in a solution or on
a surface during the sorption process. It is one of the main mechanisms binding heavy
metals by biochar materials. In complexation, multi-atom structures are formed with
specific metal-ligand interactions that are important for metals with partly filled d-
orbitals with an affinity for ligands, such as transition metals (Crabtree 2009).

Heavy metals can be bound by electrostatic interactions with a biochar surface.
High temperatures in carbonization promote graphene structures in biochar that favor
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electrostatic attractions (Keiluweit and Kleber 2009). In contrast, ion exchange on
biochar begins via the selective replacement of positively charged ions, such as Na, Li, K,
Ca, and Be, on biochar. High levels of cationic nutrients in wood material can yield a
high cation-exchange capacity of the biochar and enhance the sorption of metal ions, for
example, Pb in acidic conditions (Mohan et al. 2007). Finally, sorption can occur due to
the physical sorption of metal ions into the sorbent pores without the formation of
chemical bonds. Inyang et al. (2016) have reviewed adsorption Kkinetics and
thermodynamics describing the sorption characteristics of biochar.

ANALYSIS OF METALS

In previous decades, the distribution of free metals and their binding sites in wood
has been determined via chemical stains and the autoradiography of radioisotopes.
However, these methods are unable to quantify the total metal content. Currently, a large
number of analytical tools are available for the detection of active sites for the binding of
metals. Some of these tools include infrared absorption spectroscopy (IR) or Fourier
transform infrared spectroscopy (FTIR) (Memon et al. 2008), scanning electron
microscopy (SEM) (Memon et al. 2008), transmission electron microscopy (TEM),
energy dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD) analysis, electron
spin resonance spectroscopy (ESR), nuclear magnetic resonance (NMR), X-ray
photoelectron spectroscopy (XPS), X-ray absorption spectroscopy (XAS), and chemical
fractionation analysis (CFA) (Werkelin et al. 2010).

Metal species can be detected using X-ray spectroscopic techniques or a SEM
with energy dispersive X-ray analysis (SEM-EDX), but X-ray spectroscopic techniques
are not sensitive enough for trace metal imaging and often suffer from quantification
problems. Sensitivity and quantification are limited by background scatter and abundant
matrix elements (Becker et al. 2010; Blaske et al. 2014), unlike a sensitive graphite
furnace atomic absorption spectrometry (GFAAS), which can directly detect heavy metal
ions (Mirzaei et al. 2011).

Mass spectrometry is one of the most important techniques for the determination
of element concentrations at trace and ultratrace levels, for isotope analysis, and for
structural characterization. This is mostly due to its high sensitivity and low detection
limits (Becker 2007). For example, in bioanalytics, the determination of essential trace
metals, metalloids, and non-metals, such as S, P, and CI is highly important. Many
proteins with heteroelements or metals have been detected and quantified by inductively
coupled plasma mass spectrometry (ICP-MS) equipment (Tatar et al. 2007). Essential
and toxic metals are often inhomogenously distributed in biological material, creating the
need for analytical techniques with good spatial resolution and a high signal-to-noise
ratio.

Before ICP-MS techniques were established, imaging techniques, such as X-ray
spectroscopy (Majumdar et al. 2012) and secondary ion mass spectrometry (SIMS)
(Guerquin-Kern et al. 2005), were used for solid samples. Secondary ion mass
spectrometry provides resolution down to 50 nm with a penetration depth of only 0.2 to
10 nm, but it does not enable elemental quantification. Among ICP-MS methods, laser
ablation (LA)-ICP-MS is suitable for the quantification of metals from solid samples
down to sub-ppm levels (Tokareva et al. 2010); but it provides mostly semi-quantitative
results. Examples of different methods are listed in Table 1.
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Table 1. Examples of Analysis Methods Applied to Study Metals in Aqueous

Matrices and Wood-Based Biomass

Detection Limits (LOD);

Method of Analysis Sample Matrix Reference
Elements
Flowers, leaves, 0.01 pg g Takuwa et al.
ETAAS stem, roots Co, Cu, Ni (1997)
FTIR-EDX, Industrial 1.7x103mgL™"; Memon et al.
SEM-EDX wastewater Cd(in (2008)
CFA s?rar:easp?ilsé nd; Werkelin et al.
birch, aspen e.g. Ca, K, Na, Mg, Mn (2010)
D . Semi-quantitative mg kg?; Tokareva et al.
LA-ICP-MS Wood fiber Cu, Mg, Sr, Zn (2010)
5-10 ng LY Amman et al.
HPLC-ICP-MS Groundwater (As IIl, As V) (2010)
Water, 0.2 ng L™ Cr(ll); Mirzaei et al.
DLLME-GFAAS wastewater 1.3ng L™" Co, Ni, Pb (2011)
0.67 Cd(ll); Ozdemir et al.
SPE-ICP-OES Vegetables 0.82 Co(Il) ng mL* (LOQ) (2012)
ICP-OES Norway spruce nd; Wang and
stem, bark, twigs Al, Ca, K, Na, Si, P, Zn Dibdiakova (2014)
Norway spruce nd; Wang and
SEM-EDX, XRD stem, bark, twigs Ca0, MgO, K250, Dibdiakova (2014)

CaSiOs, Cas(POa4)3

Pre-concentration
(Chelex-100)-ICP-MS

Seawater

5t0345ng LY
As, Cd, Co, Cu, Mn, Ni,
Pb, Zn, V

Sgndergaar et al.
(2015)

SEM-EDX

Forest residues

semi-quantitative;
Ca, K, Si

Wang et al. (2015b)

Iminodiacetate chelating resin (Chelex-100), Chemical fractionation analysis (CFA), dispersive
liquid—liquid microextraction (DLLME), electrothermal atomic absorption spectrometry (ETAAS),
energy dispersive X-ray spectroscopy (EDX), Fourier transform infrared spectroscopy (FTIR),
graphite furnace atomic absorption spectrometry (GFAAS), high performance liquid
chromatography (HPLC), inductively coupled plasma (ICP), laser ablation (LA), limit of detection
(LOD), mass spectrometry (MS), optical emission spectrometry (OES), quantitation (LOQ),
scanning electron microscopy (SEM), secondary ion mass spectrometry (SIMS), solid phase
extraction (SPE), X-Ray diffractometry (XRD) ; nd - not determined
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ICP Analysis

Technology for ICP-based methods was first developed in the 1960s, and the first
application of induction plasma was described by Badarau et al. (1956). The first
commercial spectrometers were sold in the mid-1970s. Plasma is an electrically neutral
gas composed of ions, electrons, and neutrals, often produced by argon and energized by
a high electromagnetic field or a direct current. In ICP analysis, the sample is acidified
and sprayed into the plasma for ionization. A high plasma temperature atomizes and
ionizes all forms of compounds and gives a reproducible response. Currently, ICP is the
most widely used plasma source and is routinely used in diverse fields of research,
including geochemistry, the environment, industry, forensic science, and archaeology
(Ammann 2007). Typically, ICP analysis is connected with mass spectrometry (MS)
(Tokareva et al. 2010), optical emission spectrometry (OES) (Alvarez et al. 2007), or
atomic emission spectrometry (AES) detectors (Nolte 2000).

ICP-OES

Inductively coupled plasma optical emission spectrometry is an atomic
spectroscopic technique used for the determination of elements in liquid samples (Su
2012). It can detect more than 70 elements simultaneously over a wide concentration
range. The main components of an ICP-OES system include a nebulizer, an ICP torch,
and a spectrometer (Boss and Fredeen 1997). Typically, a sample in the liquid phase is
transported to the nebulizer through a thin tube. Argon gas is pumped through the
nebulizer, which breaks down the droplets into an aerosol. The droplets are transported to
a spray chamber between the nebulizer and the torch. Large droplets are removed, while
smaller ones of uniform size are injected into the plasma. Atoms and ions are excited by
the high temperature of argon plasma (8000 to 10000 K), emitting characteristic
radiations at specific wavelengths. Intensities are measured in the detector and converted
into concentrations based on the calibration curves of known standards.

The ICP-OES equipment has been widely used in various applications of metal
analysis. For example, Ozdemir et al. (2012) used ICP-OES to detect and quantify Cd
and Co ions in vegetables. The authors used fungi Pleurotus eryngii as a solid-phase
biosorbent on Aberlite XAD-16 to concentrate trace levels of Cd and Co. They found the
best performance at a pH level of 5 for Co and a pH level of 6 for Cd. The levels in
vegetables (onion, aubergine, and okra) ranged up to 125.6 ng g* for Cd and up to 98.8
ng g for Co. Wang and Dibdiakova (2014) studied levels of Al, Ca, K, Na, Si, and Zn
among other elements in stem wood, bark, branches, and twigs of Norway spruce-with a
ICP-OES procedure. They found 127 mg kg* Al, 8.7 mg kg K, and 8.1 mg kg Na in
stem wood. In contrast, Han et al. (2013) studied the adsorption of metals into biochar
made of wood material with ICP-OES. They found that the relative adsorption capacity
of biochar made of softwood was higher compared to that of hardwood biochar.

Previously, application conditions, including the sample input method,
radiofrequency, torch configuration, and gas flow (Vanini et al. 2015) were optimized,
leading to a high number of experiments and a high requirement of reagents and time.
Multivariable optimization methods are mathematical-statistical tools that can be used to
optimize conditions for an analytical method (Bas and Boyaci 2007; Kumar et al. 2014)
with a minimum number of experiments (Ferreira et al. 2007; Novaes et al. 2016). The
main advantages of an ICP-OES are the capability of multi-elemental analysis, a large
dynamic linear range, low detection limits, and high productivity (Suleiman et al. 2008).
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ICP-MS

After the introduction of the first commercial instrument in 1983, the ICP-MS
technique has been constantly improving and achieving very low detection limits with
high spectral resolution (10000) for multielement isotope detection (Nelms 2005).
Additionally, ICP-MS is one of the most efficient and element-specific techniques, due to
its wide linear range and isotope capability (Pu et al. 2005; Zhang et al. 2008).
Inductively coupled plasma and other types of ion sources of MS, such as ESI, have been
reviewed by Lobinski et al. (2006). Furthermore, ICP-MS is an ideal tool for the trace
analysis of metals, allowing a broad dynamic range up to mg L? levels, a fast multi-
elemental and isotopic analysis with high sensitivity, and detection limits of below 100
ng L.

Inductively coupled plasma mass spectrometry has become the method of choice
in elemental speciation, including covalently bound elements, coordinated metals,
metalloids, and organometallic metabolites (Hirner and Emons 2004). For example,
elemental characterization in wines has been conducted by ICP-MS (Marisa et al. 1999;
Kment et al. 2005; Tatar et al. 2007), suitable for the fast determination of trace and
ultratrace elements (Gonzalvez et al. 2008). An ICP is a versatile atomizer and ionizer in
temperatures up to 5500 °C (Houk and Praphairaksit 2001). In plasma, chemical bonds
are broken and the data regarding the total content of an element is acquired. The
response is accurate and species-unspecific, allowing quantitation based on commercially
available multielement standards (Zeisler et al. 2006). High ion density of argon provides
the highest collision rate, generating much higher analyte ion densities compared to other
ion sources (Ray et al. 2004).

Helium or mixtures of helium and argon are typically used as a carrier gas (Wang
et al. 2013). A small amount of helium in plasma can reduce the formation of the
polyatomic ions of argon. Higher sensitivities can be obtained in wet plasma with
nebulized solutions of water and methanol in the carrier gas stream (Fliegel et al. 2011).
Another strategy to increase spatial resolution is coupling a laser microdissection
apparatus (LMD) to an ICP-MS. Such a system was originally designed to isolate specific
tissue-material cells. In LMD-ICP-MS, LMD works as an ablation system and is typically
equipped with a Nd:YAG laser (at 355 nm wavelength), which provides a highly focused
beam with a spot size of 1 um. Overall, commercial systems give a resolution down to 2
to 5 pum.

There are at least four configurations for the vacuum system for an ICP-MS
instrument: a cell entirely within the ion optics, within the mass analyzer chamber, within
an additional vacuum chamber, and a cell communicating between the ion optics and the
mass analyzer chambers. For a typical ICP-MS instrument, the source gas flow into the
ion optics chamber is approximately 10° atoms per second (Tanner 2002). The number
of collisions for an ion is the length of the ion traveling in the chamber divided by the
mean free path.

The two-dimensional collision cell was first introduced into triple quadrupole
mass spectrometry by Yost and Enke (1978). The collision cell is placed between two
mass analyzing quadrupoles (Ammann 2007). lons of interest, parent ions, are mass-
selected in the first quadrupole (Q1). The ions are led at a selected energy into the
collision cell (Q2), which is pressurized with collision gas. lons impact with the collision
gas, leading to fragmentation and the formation of daughter ions. They are further
transmitted to the second mass analyzer (Q3), where the daughter ions are detected. The
fragmentation may include one or several collisions. Other modes are also possible,

Lindholm-Lehto (2019). “Biomass metal adsorption,” BioResources 14(2), Pg#s to be added. 17



PEER-REVIEWED REVIEW ARTICLE b | oresources.com

including neutral loss scan and parent ion scan. The triple quadrupole is often referred to
as a tandem MS (MS/MS), differentiating the devices with higher order multipoles, such
as hexapole and octapole (Ammann 2007). In contrast, an ion trap mass spectrometer
confines and isolates the parent ion, excites the ion, and induces collision-activated
dissociation (CID), trapping the daughter ions with mass analysis (March and Todd
1995). The first application of tandem MS with ICP ion source was reported by Douglas
(1989) and aimed to perform CID on polyatomic ions Ar?*, CIO*, ArCI*, and CeO*. The
collision energy needs to be sufficient to promote fragmentation and exceed the bond
strength.

Pretreatment

A variety of separation and pretreatment techniques can be used before a sample
is introduced into ICP equipment, including coprecipitation (Akagi and Haraguchi 1990),
solvent extraction (Koksal et al. 2002), solid phase extraction (SPE) (Costa et al. 2002),
and on-line SPE applications (Zougagh et al. 2004). For aqueous samples, the
pretreatment of metal content for ICP analysis can include microwave-assisted acid
digestion (Kment et al. 2005; Alvarez et al. 2007), thermal digestion in an open reactor
(Sperkova and Suchanek 2005; Iglesias et al. 2007), sample dilution (Marisa et al. 2003;
Catarino et al. 2006), or dry ashing (Moreno et al. 2007). For example, wet digestion is
suitable for the partial or total decomposition of organic matter, can be performed in open
or closed vessels, and is heated by convective thermal energy or microwave radiation
(Gonzalves et al. 2008).

Reimann et al. (2008) studied the metal contents of wood ash from Norwegian
birch (Betula pubescens) and spruce (Picea abies). The authors leached the samples with
nitric acid for 1 h, digested in hot water, and added a modified aqua regia to prepare the
samples in HCI before analysis via ICP-MS. The authors studied 39 elements of which
Zn and Ba were among the highest concentrations and Fe and Hg among the lowest. The
heavy metals Cd, Cr, Cu, and Pb were found at levels of 37 to 965 mg kg™, with large
variations between wood species, although they were collected from the same site.

Sample introduction

A large variety of sample introduction systems have been developed for ICP-MS.
The most economical is an often-used liquid solution nebulization for sample
introduction. Typically, solid samples need to be digested and dissolved to obtain a
homogeneous sample. Alternatively, the direct access of solid analytes in laser ablation is
a method of choice, with a spatial resolution on the micrometer scale of approximately 1
pum (Ginther and Mermet 2000). This is a preferred technique in many fields, such as
geology (Heinrich 2006), and material and forensic sciences (Berends-Montero et al.
2006). Electrothermal vaporization (ETV) allows for sample preparation in situ and
sample preconcentration (Grégoire 2000). Compared to liquid samples, LA and ETV
have enhanced reproducibility, but only with decreased detection limits (Grinberg et al.
2006).

Compared to other techniques, ICP-MS is a relatively inexpensive analytical tool,
excluding the higher running costs due to argon consumption. To cover the whole mass
range of elements, a quadrupole mass analyzer is required to detect all the isotopes of an
element. It gives element-specific results, because an element has one or several isotopes
that differ from the others. Detection limits are typically in the ng per liter range without
preconcentration and, with a high resolution ICP-MS instrument, even below (Moldovan
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et al. 2004). Approximately 80% of elements are composed of several isotopes, and
naturally occurring isotopes are routinely measured. Kinetically fractioned isotope ratios
require high-precision ICP-MS with a multicollector detection unit (Wieser and
Schwieters 2005). High concentrations can be measured by their low-abundance isotopes
to protect the detector.

Isotope analysis

In ICP-MS, multi-element capacity and feasibility of isotopic ratio determinations
are important features, which make it an ideal tool for isotope analysis. Isotope dilution
mass spectrometry (IDMS) is one of the most accurate methods in trace element and
elemental species analysis (Heumann 1992). In IDMS, a known quantity of spike, one of
the element isotopes, is added to the sample. The resulting isotope ratio is determined
with the mass spectrometer, and only isotope ratios instead of absolute intensities are
used to calculate concentrations.

With high accuracy and precision, ICP-IDMS has been applied for different
elements (Viczian et al. 1990; Buckley and lhnat 1993). Better result accuracy was
achieved with an isotope dilution technique compared to conventional calibration
methods. Viczian et al. (1990) reported on-line isotope dilution with simultaneous
injection of the spike and sample into ICP-MS. Furthermore, IDMS can be performed
either with species-specific or species-unspecific spike. For species-specific spike, the
structure and composition of the species are known, and analytes are labeled with
enriched isotopes. In contrast, for species-unspecific spike, spike is added after the
sample and may be in another chemical form, is required of the structure, and
composition of different analytes are not exactly known. Other calibration methods, such
as standard addition, cannot be applied due to different behavior compared to the sample.

There are numerous reports on As analysis in water by ICP-MS (Chatterjee et al.
2000; Roig-Navarro et al. 2001; Nakazato et al. 2002). However, high levels of chloride
can interfere with the analysis, due to the formation of argon chloride (*°ArsCl) in the
plasma with the same mass as "As (Wei et al. 2001). To avoid this, sample introduction
should be carried out via ETV, to increase sensitivity and decrease absolute detection
limits (Hung et al. 2004).

Seawater samples

The technique of ICP-MS is sensitive to matrix interferences induced by high salt
(> 1 g L) content, which can cause spectral interference (Marin et al. 1997; Sutton et al.
1997) and matrix effects due to analytical signal variations. Typically, these include
suppression caused by reduced ionization efficiency and the clogging of tubes and cones
(Jakubowski and Stuever 1997), but signal enhancement has also been reported (Heitmar
et al. 1990). Trace elements are difficult to analyze from seawater due to their low
concentrations and the influence of matrix elements, such as Na, Mg, Ca, K, and CI.
Specifically, ICP-MS allows for the direct detection of trace elements at the pg L™ level,
but interferences caused by seawater limit their detection. Spectral interferences are
caused by polyatomic species that cause disturbances in the analyte masses, such as
BCeO* with 51V* or “°Ar®Na* with 53Cu*. Additionally, easily ionized matrix elements
on the plasma (Na, K) cause signal suppression and signal drift, due to the accumulation
of salts on the cones and lenses of ICP-MS. Therefore, a pretreatment is required to
concentrate the analyte to improve the detection limit, reduce matrix content, and
enhance the analytical conditions (Nicolai 1999).
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Sample pretreatment by coprecipitation, solvent extraction (Ferreira et al. 1997,
Wu and Boyle 1997), calibration by internal standard, isotope dilution (Alimonti et al.
1997), and alternative sample introduction (electrothermal vaporization, flow injection, or
ultrasonic nebulization) are common ways to handle what ICP-MS lacks (Jakubowski
and Stuever 1997). Additionally, the subtraction of interfering signal and the limitation of
polyatomic species formation are ways to correct spectral interferences (Wu and Boyle
1997). Dilution with pure water can reduce matrix effects, but this often leads to
inadequate instrument sensitivity. Therefore, trace elements in seawater samples are often
preconcentrated on a chelating resin by rinsing the matrix elements from the resin, eluting
the trace elements, and detecting with ICP-MS (Beck et al. 2002; Vegueria et al. 2013).
Preconcentration can be performed off-line (Vegueria et al. 2013; Minami et al. 2015) or
on-line as part of the ICP-MS work-flow (Sumida et al. 2006; Vegueria et al. 2013). On-
line is preferred over the off-line step because it reduces the contamination risks of the
latter.

Metal preconcentration and separation from seawater has been investigated with
chelation by iminodiacetate chelating resin Chelex-100 (Sarzanini and Mentasti 1997). In
1968, Riley and Taylor (1968) reported the use of Chelex-100, which has been the
most-studied resin thus far (Miyazaki and Reimer 1993; Fernandez et al. 1997). Another
resin, CC-1, is a highly cross-linked macroporous copolymer that can withstand pressures
above 100 bar and is suitable for high performance liquid chromatography (HPLC)
applications (Bettinelli and Spezia 1995; Lu et al. 1998). Chelex-100 has a high affinity
for most trace elements, and microcolumns filled with Chelex-100 have been applied for
the on-line preconcentration of seawater (Rahmi et al. 2007). The adsorption is dependent
upon pH level, with the optimum at around 6.5 (Pesavento and Biesuz 1997). This is
often achieved with a buffer, such as ammonia acetate, before introducing through the
column filled with Chelex-100 (Ferrarello et al. 2001).

Sgndergaard et al. (2015) studied trace elements in seawater via ICP-MS with on-
line preconcentration and a Babington nebulizer, which is suitable for samples with high
amounts of salt. They found V, Mn, Co, Ni, Cu, Zn, Cd, and Pb with detection limits of 5
to 345 ng L?, depending on the element. Excess seawater was pumped through the
nebulizer of the ICP-MS during the preconcentration step, and the gas flow was adjusted
to pump out the seawater without entering the instrument (Sgndergaard et al. 2015).
Therefore, no changes were required for the sample introduction and only a resin-filled
(Chelex-100) microcolumn was added to the sample tube.

SPE-ICP-MS

For metal separation, SPE (Birlik et al. 2007; Tuzen and Soylak 2007), HPLC
(Grotti et al. 2014), and ion chromatography (IC) (Jackson and Bertsch 2001) are the
most-used methods. The method of SPE is suitable for a variety of environmental
samples with high enrichment factors, including automation of the extraction procedure
(Poole 2003). Adsorption materials have a crucial role in SPE. For example, silica gel
immobilized with various organic compounds has a metal chelating ability with fast and
quantitative sorption and elution (Chang et al. 2007), but unfortunately it does not enable
specific metal ion selectivity (Jiang et al. 2006).

A method called molecular imprinting is used for preparing polymers with high
molecular recognition by the polymerization of functional monomers in the presence of
the template, the target compound used to prepare the polymer, and excess of the
crosslinker. Molecular imprinted polymers (MIB) can rebind and react selectively with
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specific target analytes (Haupt 2001). lon-imprinted polymers (11Ps) and MIBs have
many similarities, but 1IPs have the affinity for metal ions (Rao et al. 2004) and have
been developed for SPE applications (Daniel et al. 2005). A type of molecular imprinting
is a technique called surface molecular imprinting, which yields imprinted polymeric
material with multiple accessible sites, high selectivity, and fast mass transfer and
binding kinetics (Na et al. 2006). Additionally, 1IPs prepared by surface printing are
suitable for binding, for example, Pd, Ni, Fe, Cd, Zn, and Cu (Zhang et al. 2007). Zhang
et al. (2008) studied a Cr(lll)-imprinted modified silica gel sorbent, with 3-(2-
aminoethylamino) propyl trimethoxysilane (AAPTS). The surface imprinted material was
used as a selective SPE sorbent material to bind Cr(l11) in environmental water samples
analyzed with ICP-MS. The sorbent was suitable in selectively binding Cr(Ill) from
water with good tolerance to other ions. Additionally, it had fast adsorption and
desorption kinetics, and good stability under acidic conditions.

HPLC-ICP-MS

Accurate analytical results are a requirement for the study of the toxicity,
bioavailability, and environmental behavior of different species. Various
chromatographic methods combined with ICP-MS have become powerful techniques for
elemental speciation. The method of HPLC coupled with ICP-MS is a sensitive system
for the separation and detection of elemental species. Analysis can be performed without
sample enrichment, which may influence the composition of the species in the sample.

For example, Rottmann and Heumann (1994) used HPLC with ICP-MS to study
Cu and Mo in natural water. They used the on-line isotope dilution method for elemental
characterization and detected pg mL™? levels without a sample preparation step. Species
(As 111, As 1V) have been detected in fish and crustaceans by HPLC coupled with 1CP-
MS equipment (Rattanachongkiat et al. 2004). They detected levels up to 17 pg g* from
a Sn mining area. The HPLC separation was performed as an anion exchange HPLC with
a phosphate-based eluent at a pH level of 6 to 7.5. Carignan et al. (2001) used HPLC
prior to ICP-MS to remove isobaric interference and to eliminate signal suppression in
the plasma. The authors analyzed rock samples, including basalt, serpentine, and granite,
to detect the rare earth elements uranium (U) and thorium (Th). The authors used LC-
ICP-MS and found on average 50.6 ng g* (Th) and 15.3 ng g* (V).

Zheng et al. (2003) applied anion exchange HPLC coupled with ICP-MS to detect
As in the surface water of the Moira River, Canada, and found levels up to 75 ng L. The
river has been contaminated by heavy metals from a mine since the 1860s. Dos Santos et
al. (2009) detected organic and inorganic Hg in water and sediment samples. The authors
used SPE-HPLC for extraction and separation, coupled with ICP-MS, and found on
average 30.7 (Hg?*) and 10.8 (MeHg") ng L. Recently, analysis techniques for elements
by small-bore HPLC coupled with ICP-MS were extensively reviewed by Grotti et al.
(2014).

Therefore, ICP-MS coupled with high-performance separation is expanding in the
identification of metal species. Moreover, HPLC offers many variations, such as
ion-exchange chromatography, ion-pairing chromatography, and size-exclusion
chromatography (SEC), that can be coupled with ICP-MS. Thus far, HPLC can be
considered one of the most effective instrumental techniques for speciation analysis
(Michalke 2002a,b).
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CONCLUDING REMARKS

Biosorbents show great potential for binding heavy metals. The availability of
forest residue material and its low price increase its value as a biosorbent. Pilot-scaled
and full-size plants have been established that use biosorbents for binding heavy metals,
but large-scale plants have not been economically viable. Thus far, wood-based material
is not in commercial use, but sorbents based on living biomass, such as algae and
bacteria, have been studied and patented. Overall, the main challenge in the near future
will be to develop the sorption process at a commercial scale to meet economic demands
and solve the process-related issues, including metal recovery and the uninterrupted
availability of the sorbent material.

There is an ever-increasing demand for utilizing waste as a raw material in
different applications. This often includes the removal of heavy metals and collecting
them for other purposes. Costly conventional methods for heavy metal removal from
industrial effluents and ever-increasing legislative demands require new methods to be
found for their removal. Furthermore, the demand for the monitoring of heavy metal
levels set by the EU has increased the demand for effective and reliable analytical
methods. This requires both methods and equipment to handle even the most difficult
sample matrices. The ICP-MS-based methods have shown an ability to achieve low
detection limits and reliability. Such methods can be coupled with other pretreatment
methods or separate components, using chromatographic methods to meet the increasing
demand for the detection of even the lowest concentrations in the future.
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