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1. Introduction

Separation processes whereby different properties are used in the separation of mixtures 
of different compositions are some of the most important chemical engineering processes. 
The mixtures to be separated may be mixtures of isotopes, molecules, polymers or cells. The 
different properties on which the separation process is based may be chemical or physical 
including such properties as chemical reactivity, solubility, molecular size, electrical charge 
and change-of-phase temperatures such as boiling and freezing points.

The application of separation processes ranges from such operations as water purification 
to refining of products and separation of raw materials. Separation processes account for 
40–90% of the capital investment in industrial establishments. It has been variously estimated 
that the capital investment in separation equipment is 40–50% of the total for a conventional 
fluid processing unit [1].

There are many different separation techniques which may be broadly classified into pro-
cesses of mechanical separation and separation by diffusion. Mechanical separation tech-
niques may be based on particle size, density and electrical or magnetic mobility. Separation 
by diffusion includes chromatographic separation, extraction and fractionation. Of the many 
and varied separation processes available, fractionation plays a major part, and capital invest-
ment in fractionation equipment and processes may form a significant fraction of industrial 
processing investment.

Fractionation, in the most general sense, could mean any process whereby a mixture is sepa-
rated into different components or fractions. Fractionation in this general sense, however, 
would include diverse methods and techniques that may have little in common. Such methods 
and techniques may be broadly grouped in four classes, namely fractionation proper, general 
separation, analytical separation and purification. It is important to note, however, that this is 
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distribution, and reproduction in any medium, provided the original work is properly cited.
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not an exclusive classification as some methods may have characteristics belonging to more 
than one of these classes. Chromatography, for example, may be either analytical or separatory:

1. Fractionation proper in the restricted commonly accepted sense, sometimes referred to as 
thermal separation, may be defined as any physical fractional or separation process involv-
ing a phase transition in which a mixture is separated in a single run into two or more 
fractions with variable compositions. The mixture to be separated could be a homogeneous 
mixture such as a solution or a heterogeneous mixture such as a mixture of solid and liq-
uid. The mixture to be separated may also be gaseous, liquid or solid. The fractions are 
separated based on differences in a specific property of the individual components such 
as boiling, freezing or melting points. The phase changes involved could be condensation 
for vapours and gases (dephlegmation), boiling and evaporation (distillation) or freezing 
and crystallisation (freeze distillation and solution crystallisation) for liquids, and melt-
ing or sublimation for solids. Most of these processes find application on industrial scales 
but some processes such as fractionation by sublimation are restricted to laboratory-scale 
procedures.

The general characteristics of fractionation processes may thus be summarised as follows:

1. Fractionation processes are processes of separation of mixtures of liquids, gases or solids 
into their components.

2. Fractional separation is based on differences in a specific property of the individual 
components.

3. Fractionation processes are physical processes, where phase transition is involved.

4. They are carried out in single runs.

Examples of fractionation processes include (Table 1):

1. Dephlegmation, where mixtures of vapours are separated by difference in their condensa-
tion point.

2. Fractional distillation, where mixtures of liquids and gases are separated by difference in 
boiling point.

3. Fractional freezing, where mixtures of liquids are separated by difference in freezing point.

4. Fractional melting, where mixtures of solids are separated by difference in melting point.

5. Isotope fractionation, where mixtures of isotopes are separated by difference in density 
during phase transition.

2. The term ‘fractionation’, however, may sometimes be used in a more general sense to refer 
to any separation process that may involve no phase change and may not therefore be classi-
fied as a fractionation process properly speaking. Such separation processes include:

2.1. Solvent or clean fractionation, where a mixture of an organic solvent and water is used to 
achieve clean separation.

Fractionation2

2.2. Thermal diffusion, where mixtures of gases or liquids are separated by difference in density.

2.3. Centrifugation, which is a process where substances of different densities in a heteroge-
neous mixture are separated by sedimentation using a centrifuge.

2.4. Gaseous diffusion, where mixtures of gases are separated by difference in molecular weight.

2.5. Chromatography where fractionation of components from a solution mixture takes place 
by difference in affinity between the stationary and the mobile phases.

3. The term ‘fractionation’ may also be used sometimes to refer to an analytical technique 
and not to a separation process. Examples of such use include bioassay-guided fractionation, 
analytical chromatography and geochemical fractionation.

Bioassay is an analytical method to determine the concentration or potency of a substance by its 
effect on living cells or tissues. In bioassay-guided fractionation, extracted components are sepa-
rated based on differences in their physicochemical properties and biological activity. In pharma-
cognosy, a pure chemical agent from natural origin is isolated by bioassay-guided fractionation.

Geochemical fractionation is a laboratory procedure in which chemical extraction is used to 
determine fractions of metals in soils and sediments and their susceptibility to release into an 
aqueous environment.

4. Finally, fractionation may refer to a purification process, where a desired component 
is extracted from a mixture and purified as, for example, in the pharmaceutical industry, 
where natural and synthetic drugs are separated and purified to meet health needs. Surface 
Active Foam Fractionation, a new technology developed by scientists from a privately-
owned Australian company, may be used to remove certain contaminants from water. In this 

Fractionation process Mixture The specific 
property

Area of application

Dephlegmation Vapours Condensation 
point

Oil refining

Fractional distillation Liquids and 
vapours

Boiling point Petroleum and 
petrochemical industries

Fractional 
crystallisation = fractional freezing

Partial 
crystallisation

Liquids Freezing point Fractionation of food

Upgrading of alternative 
fuels

Obtaining very pure 
substances.

Solution 
crystallisation

Liquids Solubility

Fractional melting Solids Melting point

Isotope fractionation Density

Table 1. Fractionation processes.
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technology, air is introduced into the column of contaminated water through a diffuser, and 
the resulting bubble column rises to produce contaminant-rich foam on the water surface, 
which is extracted using a uniquely-designed vacuum extraction system.

Such purification processes, however, may not be considered as separation or fractionation 
processes per se.

Fractionation in the restricted commonly accepted sense as a separation process properly 
speaking is widely used in the chemical industries including food and pharmaceutical indus-
tries and in petroleum and petrochemical industries in particular. It is normally used to sepa-
rate a non-usable crude mixture into separate usable fractions as, for example, in oil refineries 
where crude oil is fractionated into useful petroleum products such as fuels, lubricants and 
chemical raw materials. In biorefineries, lignocellulosic raw materials are fractionated into 
their polymeric and non-polymeric constituents and new routes developed for their chemical 
and biochemical conversion into high-value-added products.

1.1. Dephlegmation

Dephlegmation is a separation process where mixtures of vapours are separated by difference 
in their condensation point. In chemistry, the noble gases are separated from one another by 
fractionation, making use of their different condensation temperatures.

1.2. Fractional distillation

Fractional distillation is a distillation process where mixtures of liquids and gases are sepa-
rated by difference in boiling point. Fractional distillation processes include topping, rectifica-
tion, exhausting, stripping, vacuum distillation, stabilization and extractive distillation.

Distillation as a separation process is used in general to separate a fluid mixture of two 
(binary) or more (multi-component) substances into its component parts. In most cases, the 
components to be separated are miscible liquids with different volatilities and boiling points. 
This separation process is a thermal unit operation that utilizes the differences of vapour 
pressure to produce the separation. In this process, the vapour or liquid mixture is heated 
whereby the more volatile components are evaporated, condensed and allowed to drip or 
drip apart, that is, distil or destillare, as it was originally called in Latin. It is from this fact of 
‘dripping’ that the name of the distillation process was derived [1].

In general, distillation is favoured over other separation techniques when large rates are 
desired of products that are thermally stable with a relative volatility greater than 1.2 and 
where no extreme corrosion, precipitation, sedimentation or explosion issues are present [2].

The pre-eminence of distillation for the separation of fluid mixtures is fundamental for both 
kinetic and thermodynamic reasons [3]. It may also be the most economical process for the 
separation and production of high-purity products. In 1992, Darton estimated the worldwide 
throughput of distillation columns at 5 billion tonnes of crude oil and 130 million tonses of 
petrochemicals per year [1].

Fractionation4

Fractional distillation is a special type of distillation, and as a separation technique, is much 
more effective than simple distillation and more efficient. Fractional distillation is equivalent 
in effect to a series of distillations, where separation is achieved by successive distillations or 
repeated vaporization-condensation cycles. Each vaporization-condensation cycle makes for 
an equilibrium stage, commonly known as a theoretical stage. A number of such theoretical 
stages may be required for the efficient fractionation and separation of the vapour or the 
liquid mixture. The McCabe-Thiele method is a graphical method that may often be used to 
calculate the required number of theoretical stages. These theoretical stages will then have to 
be converted to actual plates or an equivalent packed height depending upon the separation 
efficiency for a particular service. As a separation technique, fractional distillation is much 
more effective than simple distillation and more service [1].

In fractional distillation, the components are separated through continuous heat and mass 
transfer between counter-current streams of a rising vapour and a descending liquid. As in 
all thermal separation processes, the motive force for the separation is the drive towards ther-
modynamic equilibrium between the different phases (VLE or vapor liquid equilibrium). This 
equilibrium is continuously disturbed by the mixing of the colder descending liquid and the 
hotter rising vapour, where the more volatile components of the descending liquid are vapor-
ized and the less volatile components of the rising vapour are condensed and the driving 
force for the separation process is thereby maintained. The concentration of the lighter com-
ponents will be greater in the vapour phase and conversely the concentration of the heavier 
components will be greater in the liquid phase, and only in the case of pure components or 
azeotropic mixtures will the equilibrium composition be the same in both phases [1].

In recent years, fractional distillation has become one of the most important unit operations in 
chemical engineering industries. It is by far the most common specialized separation technol-
ogy. In the USA, fractionators are used in 90–95% of the separations [4].

In petroleum refineries, in particular, atmospheric fractionation of crude oil, variously known 
as topping, is the first and the most important process of the series of oil refinery operations [5]. 
The crude oil feedstock, which is a very complex multi-component mixture, is separated into 
a number of products or fractions, with each product or fraction being composed of groups 
of compounds within a relatively small range of boiling points. These straight-run products 
or fractions are the origin of the term fractional distillation or fractionation. Fractional dis-
tillation, however, is not used in the petroleum-refining industry only, but is also used in 
other chemical, petrochemical, beverage and pharmaceutical industries and in natural gas-
processing plants [1]. In chemistry, fractional distillation may be used for the separation of a 
mixture of isotopes, where the molecules of the fraction having the lower boiling point (the 
lighter isotopes) tend to concentrate in the vapour stream and are collected.

Fractional distillation, though widely used, is one of the most energy-intensive operations. 
In fact, distillation may be the largest consumer of energy in petroleum and petrochemical 
processing. Of the total energy consumption of an average unit, the separation steps account 
for about 70% and distillation alone can consume more than 50% of a plant’s operating energy 
cost [6]. Fractional distillation accounts for about 95% of the total distillation consumption [7].
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Replacing fractional distillation by other separation techniques in such industries as petro-
leum and petrochemical industries is, however, highly unlikely despite its energy intensive-
ness [1].

Extractive distillation is a special type of distillation which is used for the separation of com-
ponents with similar evaporation points. Such components cannot be separated by simple 
distillation, because their volatility is nearly the same, causing them to evaporate at nearly 
the same temperature at a similar rate, making normal distillation impractical. In extractive 
distillation, a separation solvent is used, which is generally non-volatile, has a high boiling 
point and is miscible with the mixture, but does not form an azeotropic mixture. The solvent 
interacts differently with the components of the mixture, thereby causing their relative vola-
tilities to change. This enables the new three-part mixture to be separated by normal distil-
lation. The original component with the greatest volatility separates out as the top product. 
The bottom product consists of a mixture of the solvent and the other component, which can 
again be separated easily.

1.3. Fractional freezing

Fractional freezing, also known as fractional crystallisation, is a process where mixtures of 
liquids are separated by difference in freezing point. It was further observed, when reported 
data on crystallisation were analysed, that fractionation occurs according to molecular 
weight. Fractional crystallisation is generally used to produce ultra-pure solids or to recover 
valuable products from waste solutions and to concentrate liquids. In geology, a process of 
fractional freezing is known to occur during the metamorphism and structural change of 
rocks.

Fractional freezing is a simple process that does not require sophisticated equipment or com-
plicated procedures, and it can be used on an industrial scale. Fractional freezing can be used 
in particular to concentrate heat-sensitive liquids, such as fruit juice concentrates, as it does 
not involve heating the liquid (as happens during evaporation). However, it is not always 
possible with this method to produce pure products or to eliminate impurities completely, 
elimination of impurities being dependent on the nature of these impurities. Furthermore, 
part of the desired component will always be lost in the discarded material.

Fractional freezing may be carried out by either of two processes, namely

1. Partial crystallisation, also called normal freezing or progressive freezing, where mixtures 
of liquids are separated by difference in freezing point. This is done by cooling and partial 
freezing of the liquid and removing the frozen material that is poorer in the desired material 
than the liquid portion left behind. This is sometimes known as freeze distillation because the 
resulting enrichment of the liquid portion parallels enrichment by true distillation, where the 
evaporated and re-condensed portion is richer in the desired lighter material than the liquid 
portion left behind.

Fractional freezing by partial crystallisation can be used as a simple method to reduce the gel 
point of biodiesel and other alternative diesel fuels and to increase the alcohol concentration 
in fermented alcoholic beverages.

Fractionation6

The separation of a mixture of water and alcohol is a well-known example of partial crystalli-
sation. Freezing in this case begins at a temperature significantly below 0°C. The first material 
to freeze is a dilute solution of alcohol in water. The frozen material, while always poorer 
in alcohol than the liquid, becomes progressively richer in alcohol. The liquid left behind, 
on the other hand, becomes increasingly richer in alcohol, and, as a consequence, further 
freezing would take place at progressively lower temperatures. The degree of concentration 
of the alcohol in the liquid will depend on the final cooling temperature. But even if the final 
temperature is somewhat below the freezing point of alcohol, there will still be alcohol and 
water mixed as a liquid, and at some still lower temperature, the remaining alcohol-and-water 
solution will freeze.

The best-known freeze-distilled beverages are applejack, made from hard cider, and ice beer 
(Eisbock). In the olden days, barrels of beer were left outside in the winter months and the 
formed ice, mainly composed of water, would be periodically removed, and this would con-
tinue until no more ice is formed. In effect, the presence of ethanol lowers the melting point of 
water in a solution of water and ethanol, and the solidified phase would contain lesser amounts 
of ethanol than the liquid phase which will be gradually enriched to give eventually ice beer.

In practice, while not able to produce an alcohol concentration comparable to distillation, par-
tial crystallisation can achieve some concentration with far less effort than any practical distil-
lation apparatus would require. The danger of freeze distillation of alcoholic beverages is that, 
unlike heat distillation where the methanol and other impurities can be separated from the 
finished product, freeze distillation does not remove them. Thus, the ratio of impurities may 
be increased compared to the total volume of the beverage. This concentration may cause side 
effects to the drinker, leading to intense hangovers and a condition known as ‘apple palsy’, 
although this term has also been used simply to refer to intoxication, especially from applejack.

Partial crystallisation may also be used to desalinate sea water which contains principally sodium 
chloride. Because sodium chloride lowers the melting point of water, the salt in sea water tends 
to be forced out of pure water while freezing. This is sometimes referrd to as brine rejection.

A fractional freezing technique that permits the freezing of large quantities of solutions is the 
so-called slow fractional freezing. This is a costly procedure, however, that requires the use of 
rather expensive equipment. In one such technique, a cylinder containing the liquid is cooled 
where freezing of the solution starts at the bottom of the cylinder and the frozen solid rises 
slowly towards the surface of the cylinder. The freezing may be stopped at the desired point 
for the separation of the solid from the liquid. In another technique that allows better control 
of the freezing rate, a spherical container is used where freezing starts at the surface of the 
sphere and moves slowly towards its centre leaving the desired purified liquid at the centre 
of the sphere surrounded by the frozen solid from which it can be extracted.

2. Solution crystallisation, where chemical substances are fractionated based on difference in solu-
bility at a given temperature. This is done by the addition of a dilute solvent to the liquid mixture 
and cooling and partial freezing of the liquid and removing of frozen material. If the desired dis-
solved substance to be separated is the most soluble substance at the specific cooling temperature, 
the frozen material will be poorer in that desired substance. On the other hand, the liquid portion 
left behind will be richer in the desired substance. The proportion of the components in the frozen 
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material and the liquid portion will depend on their solubility products. If the solubility products 
are very similar, a cascade process will be needed to effect a complete separation.

1.4. Fractional melting

Fractional melting is a fractionation process where mixtures of solids are separated by dif-
ference in melting point. This can be done by partial melting of the solid. Fractional melting 
may be used to desalinate sea water as sea ice, frozen salt water, when partially melted, leaves 
behind ice that is of a much lower salt content. Fractional melting may also be used to separate 
waxes into fractions of different melting points which can then be recombined.

1.5. Isotope fractionation

Isotope fractionation occurs during a phase transition as a result of the different distribu-
tion of the lighter and heavier isotopes between the liquid and vapour phases. For example, 
when water vapour condenses, the heavier water isotopes (18O and 2H) become enriched in 
the liquid phase while the lighter water isotopes (16O and 1H) tend towards the vapour phase.

Other separation processes that are referred to sometimes as fractionation processes although 
they do not involve in general any phase changes:

1.5.1. Clean or solvent fractionation

In clean fractionation, a mixture of an organic solvent and water is used to achieve clean 
separation. This fractionation process may be used for upgrading biomass feedstocks for a 
biorefinery by separating their three main components, viz. cellulose, hemicelluloses and 
lignin, into pure streams for conversion into value-added products.

1.5.2. Thermal diffusion

In thermal diffusion, natural convection is utilized in the separation of mixtures of liquids or 
gases by difference in density. In a region with a temperature gradient, the lighter molecules 
tend to concentrate in the hot parts of the region and the heavier molecules tend to concentrate 
in the cold parts. Moreover, hotter molecules tend to rise as a result of natural thermal convec-
tion and cooler molecules tend to fall, effecting thereby a separation between the lighter and 
heavier components of the mixture. As no phase change is necessarily involved in thermal 
diffusion, this process is not normally considered a fractionation process.

A simple form of a thermal diffusion apparatus consists of a tall vertical tube with a wire elec-
trically heated to a specified temperature running down its centre, producing a temperature 
gradient between the centre and the wall of the tube. The heavier molecules tend to concen-
trate in the outer portions of the tube, and the lighter molecules to concentrate towards the 
centre. At the same time, because of thermal convection, the gas or liquid near the wire tends 
to rise, and the cooler outer gas or liquid tends to fall. The overall effect is that the heavier 
molecules collect at the bottom of the tube and the lighter at the top.

Thermal diffusion is often used for the separation of mixtures of isotopes.

Fractionation8

1.5.3. Centrifugation

Centrifugation is a process where substances of different densities in a heterogeneous mixture 
are separated by sedimentation using a centrifuge. Centrifugation, however, though a separa-
tion process, may not be considered a fractionation process properly speaking as it involves 
no phase change.

Centrifugation is used in industrial and laboratory settings, particularly in the chemical and 
food industries and in biological research. Centrifugation is also the most common method 
used for uranium enrichment, relying on the slight mass difference between atoms of U238 
and U235 in uranium hexafluoride gas. In isotope fractionation, the centrifugal force acts 
more strongly on the heavy molecules than on the light ones, increasing the concentration of 
the heavy isotopes in the outer region.

In cell fractionation, also called cell lysis, cell components are separated by difference in den-
sity while preserving individual functions of each component. With this methodology, the 
different individual cell components may be examined and their biochemical synthesis and 
capacity investigated. Cell fractionation is being increasingly applied in research activities in 
the pharmaceutical industry and disease investigation.

In blood fractionation, blood is separated into its three major components, plasma, buffy coat 
and erythrocytes. These separated components can be analysed and often further separated. 
In plasma protein fractionation, the inherent differences of each protein are used and the tem-
perature or the acidity of the plasma is changed so that proteins that are normally dissolved 
in the plasma fluid become insoluble and can be collected by centrifugation. In cold alcohol 
fractionation or ethanol fractionation, which is one of the very effective ways for carrying 
out plasma protein fractionation, alcohol is added to the plasma with simultaneous cooling. 
Plasma fractionation is used in the prevention and treatment of life-threatening diseases 
caused by trauma, immunologic disorders and infections. It is also used in treating protein 
deficiency in health-care applications.

1.5.4. Gaseous diffusion

In gaseous diffusion, the difference in the rate of diffusion of gases of different molecular 
weight through a porous barrier is utilized to effect separation. As the rate of diffusion of a gas 
is inversely proportional to the square root of its mass, light atoms diffuse through a porous 
barrier faster than heavier atoms.

Gaseous diffusion was used in the early forties of the last century for the separation of uranium iso-
topes. As the difference in weight between uranium-235 and uranium-238 is slight, however, thou-
sands of separation stages would be required to produce 99% uranium-235 from natural uranium.

1.5.5. Chromatography

Chromatography is a technique for the separation of mixtures, where the mixture to be sepa-
rated is dissolved in a fluid called the mobile phase (the eluent), which carries it through a 
structure holding another material called the stationary phase. The mobile phase may be a 
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liquid (LC and capillary electrochromatography (CEC)), a gas (GC) or a supercritical fluid 
(supercritical-fluid chromatograph SFC). The stationary phase may be a thin layer of an 
adsorbent like silica gel, alumina or cellulose on a flat, inert substrate in thin layer chroma-
tography (TLC) or a strip of chromatography paper in paper chromatography. Furthermore, 
the stationary phase may be as or on a plane in planar chromatography or the bed of the 
stationary phase may be in a tube in column chromatography.

The various components of the mixture to be separated travel at different speeds caus-
ing them to separate. Fractionation of the mixture components (the analytes or eluites) 
takes place by difference in affinity between the stationary and the mobile phases. Several 
mechanisms may be applied for the separation of the analytes such as ion exchange (in 
ion exchange chromatography) and size exclusion (in size exclusion chromatography, 
also known as gel permeation chromatography or gel filtration chromatography). In ion 
exchange chromatography, the analytes are separated based on their respective charges. In 
size exclusion chromatography, molecules are separated according to their size (or hydro-
dynamic diameter or volume).

Chromatography may be preparative or analytical, but only preparative chromatography is 
a form of separation. In chromatography, however, no phase transition is involved and even 
preparative chromatography may not therefore be considered a true fractionation process.

1.5.6. Other processes of separation

Other processes of separation that are mainly used for isotope separation include electro-
magnetism and laser separation. In electromagnetism, first used for the production of ura-
nium-238, an ionic beam obtained from a uranium compound was passed through a magnetic 
field. Because the radius of the curvature of the path of the ions deflected by the beam depends 
on the mass of the ion, ions of different mass complete their path at different positions, and 
the uranium isotopes were appreciably separated. In laser separation, the isotope mixture is 
first vaporized and its atoms are selectively excited and ionized by an accurately tuned laser 
beam and the desired isotope is thus separated out.
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Abstract

The geochemical fractionation of metals in soils and sediments corresponds to a tech-
nique to evaluate the levels of contamination and their probability of transfer to bodies of 
water and biota. For environmental studies in water reservoirs, the results of geochemi-
cal fractionation added to physicochemical analysis of water, can define the environ-
mental conditions of metal release. This chapter briefly presents the concept and some 
fractionation techniques, with emphasis on the BCR methodology, in conjunction with 
other analyzes of water from the bottom of the reservoir to evaluate the dynamics of 
Mn mobilization in the Riogrande reservoir in Colombia, as example of practical appli-
cation of Geochemical Fractionation. The highest proportions of Mn in the sediments 
of the Riogrande II reservoir were found in the exchangeable fraction and associated 
with carbonates, however the diffraction analysis did not find carbonated phases. It was 
concluded that the Mn in the water of the bottom of the Riogrande II reservoir origi-
nated especially by processes of desorption of Mn, in addition to reductive dissolution 
of oxyhydroxides.
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dynamics in sediment-water interface

1. Introduction

The geochemical fractionation methodology allows establishing the proportions of groups, 
fractions or different forms of metals associated with materials such as soils, sediments and 
sludge, however it is necessary to combine these results with other analyzes such as miner-
alogical analysis, diffractometry, geoavailability, bioaccessibility and bioavailability analysis, 
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for a complete environmental study. In this chapter of the book “Fractionation”, an explana-
tion is given for the concept of Geochemical Fractionation, its importance, the BCR meth-
odology and its application to the release of metals such as Mn in sediments, applied to the 
Riogrande II Water Reservoir in Colombia.

2. The problem of water contamination in reservoirs by the release 
of heavy metals from sediments

2.1. Metals in sediments in water reservoirs and lakes

The sediments of the reservoirs, lakes and oceans reflect a recent environmental history, since 
they are geological records of climatic changes, geodynamic processes, land uses and espe-
cially human activity that positively or negatively impacted the environment. The sediments 
are characterized by the storage of important concentrations of heavy metals and xenobiotic 
substances due to their high adsorbent capacity, the product of a number of functional groups 
that allow them to form surface complexes. However, the potential for release and contami-
nation of water from sediments depends on: total concentrations of all substances, environ-
mental conditions of the bottom water (pH, ORP-Eh and organic matter) and forms in which 
metals are found in the sediments (metals fractions).

Metals have several physicochemical properties and especially different valences, which allows 
them to be found in different chemical forms or fractions in solid materials such as soil, sediments 
and mining mud. Some of these forms or geochemical forms are more available than others; so, 
their release and mobilization to an aqueous phase occurs with slight changes in pH, ORP-Eh [1],  
temperature and electrical conductivity. The water quality of a reservoir is affected by the presence 
of dissolved metals and by the conditions and mechanisms of release from the soil or sediments [2],  
and it has been found that the physicochemical and biological properties and conditions of water 
quality are affected by external factors such as topography, climate and especially human activity [3],  
this is how, in general, the most mobile metal form, such as the interchangeable form or fraction, 
are related to released metals by mining or industrial activity. The sediment is normally located 
in the lower layer of hypolimnion, where the anoxic and reducing conditions cause several solu-
ble compounds to increase their concentration, especially in the interstitial water through disso-
lution or reduction and diffuse to the lower layer of water. Temperature as the factor of thermal 
stratification is an abiotic factor that controls important processes for organisms, likewise it 
affects the physicochemical properties and other abiotic factors [4, 5]. Within the geochemical 
fractions or metals forms, when particles settle in a reservoir, a large part of the metal is in an 
adsorbed form, however in the Hypolimnion, the strongly reducing conditions can dissolve the 
oxides and consequently release the metals towards the water column [6].

The anaerobic zones, and specifically the deep water masses of the lakes and lagoons, pres-
ent physical and chemical properties completely different to the more superficial waters, in 
addition to the temperature. Two of the physicochemical parameters that define ecosystem 
conditions correspond to dissolved oxygen as to the redox potential, which as it deepens in 
the water column decreases and forms two profiles similar to the temperature, with their cor-
responding points of inflection: oxycline and redoxcline, which can occur both in the water 
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column, as in the water-sediment limit, however the abrupt decrease of the potential in the 
redoxcline is not due to the depletion of oxygen, but due to the appearance of reducing sub-
stances such as hydrogen sulfide (H2S), [7]. In general, in sediments under anoxic conditions, 
oxidizable metals forms predominate (reduced species), associated with organic and residual 
matter, while reducible (oxides) and interchangeable metals forms tend to be unstable and are 
easily solubilized [8]. Metals have a differential behavior in lentic or semilentic bodies of water 
where epilimnion oxygen-rich conditions predominate. It forms oxidized species (reducible 
metal forms), which tend to be insoluble and precipitate forming a sediment rich in oxidized 
solid phases (M3+ or M4+), likewise other minerals such as clays with their negative charge, 
transport on their surface metals, forming complexes of external surface, which can also be 
submerged in the reservoir. At the bottom of the hypolimnion and sediment, the anoxic and 
reducing conditions, as well as biological processes, release it in the form of reduced (M2+), 
complex and soluble species, whose oxidation process is very sensitive to heterogeneous and 
homogeneous catalysis, and it is dependent on pH and dissolved oxygen. This process is 
accelerated by the presence of microbial catalysis through different stages; it has been found 
that in the sediment, the movement of ions such as Mn and Fe towards the water column may 
be coupled with an eventual and possible H2S formation [9, 10].

The redox conditions can influence the behavior of the trace metals in sediments and affect the 
proportions of the metals forms, either directly or indirectly through changes in the oxidation 
states of the ligands capable of complexing the metal; for example, changes in the redox con-
ditions can cause the reductive dissolution of mineral species that have some adsorbed met-
als (oxyhydroxides that can be reduced and desorb metal ions): ORP-Eh values higher than 
+414 mV are considered oxic and oxidizing, the probability of metal release is low; ORP-Eh 
values between +414 and + 120 mV indicate sub-toxic, moderately reducing conditions, under 
these redox potentials the species are controlled by the redox reactions of Mn and Fe [11], 
ORP-Eh between +250 and +100 mV, the metal oxyhydroxides are unstable and the process 
of dissolution of most metal oxides begins, and ORP-Eh values lower than −120 mV, the sedi-
ment is considered anoxic [11, 12]. If the oxidized layer is less than 5 cm, it is considered that 
the sediment is dominated by Mn2+ flow, the difference with the standard value of reduction 
of Mn (+526 mV), it is because this value is referenced to a pH = 7.0 and T = 25°C, while a value 
of +414 mV is more appropriate under environmental conditions.

2.2. Release of heavy metals and water contamination

In natural systems, the release and mobilization of metals normally occurs through soluble 
phases; so, the evaluation of the contamination of a soil or sediment cannot be based on its 
total concentration of the metal, since the potentially contaminating from metals depends 
on the chemical form or geochemical fraction in which the metal is found. In addition, the 
dissolved metal cations are subject to several mobilization or fixation processes depend-
ing on factors such as pH, ORP-Eh, presence of both soluble and insoluble organic matter, 
and ionic strength [13, 14]. The release, mobility and toxicity of metals depends both on 
the proportions of them in the geochemical fractions and the environmental conditions at 
the bottom of a body of water (pH, ORP-Eh, DO, OM and EC), [15–20]. However, several 
authors have shown the co-precipitation of some metals in the form of complexes with solid 
fractions [21].
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The present metals in the sediments of a reservoir can eventually contaminate the water, when 
the physicochemical conditions of the hypolimnion and the benthic zone can produce processes 
such as desorption, dissolution of carbonates and reductive dissolution of oxides (Especially 
oxyhydroxides of Mn and Fe), mobilizing and releasing these metals, and other adsorbed: As 
and Cd [22]. In addition, the Mn and Fe can be mobilized as a product of the dissolution of sul-
fides generating H2S, a product of the reduction of mineral sulfides such as Pyrite FeS2 [23], or 
can be immobilized either by adsorption to volatile sulfides in acids (AVS: soluble FeS + insolu-
ble FeS) under conditions of sulfate reduction [24], However, compared to Fe, adsorption of Mn 
is usually much lower in AVS [25]. In the environmental studies on metals in bodies of water, 
the topics of [26] are very important: the determination of the distribution and concentration 
of elements of environmental significance in the study area, the understanding the mobility of 
the elements through the different environmental systems and the identification of the relation-
ships between the geochemical behavior of these elements and their impacts on biota.

Sediments act as sinks and sources of pollutants in aquatic systems due to their variable physical 
and chemical properties [27]. An important aspect when using soils and sediments as a record 
or indicator of metal contamination is to define the degree of enrichment, both natural and 
anthropic, according to the concentration of a contaminating metal. The sediment can be clas-
sified as contaminated or not, according to the proportion of metal concentration in relation to 
non-contaminated zones, according to its enrichment compared to threshold levels and accord-
ing to sediment quality guidelines (SQC), [27, 28]. Among others, the Igeo Geoaccumulation 
Index, the FC Contamination Factor (FC) and the EF Enrichment Factor [29] are used. To deter-
mine the relative degree of contamination, comparisons are made with threshold concentra-
tions of standard geological materials, such factors are commonly determined to characterize 
the magnitude of metal contamination in environmental samples [30]. However, one of the 
disadvantages of these systems of environmental soil evaluation is that they are based mainly 
on the total concentration and not on the geochemical fractions.

Contamination by heavy metals in the soil or sediment can represent risks for humans and the 
ecosystem through: direct ingestion or contact with contaminated soil, food chain (soil-plant-
human or soil-plant-animal-human), consumption of contaminated soil water, decrease in the 
quality of food, reduction of land use capacity and problems of land tenure [31]. A metal reaches 
a body of water in various forms: mineral particle with potential to precipitate depending on 
the size and hydrological dynamics of the body of water, soluble free or forming complexes 
and adsorbed by solid phases; the soluble form can be rapidly adsorbed by other solid phases 
(interchangeable fraction) and is carried to the sediments when the soluble and insoluble metal-
lic mineral phases pass from an oxic environment to an anoxic environment (precipitation or 
sedimentation), remaining under a complex series of biogeochemical processes [10, 32].

In the sediment, oxides, silicates, carbonates and organic matter are deposited more or less 
quickly. The organic matter being initially attacked in the sediments by bacteria, oxidizing it in 
its order with O2, NO3−, MnO2, Fe (OH)3, SO4

2− and finally CO2, transforming it into oxic water 
bodies, whose change of redox conditions occurs very close to the water-sediment limit. That 
gradient is usually referred to redoxcline. The redox potential measured in sediments is basically 
influenced by the microbial activity in its process of degradation of organic matter, which in turn 
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depends on the availability and concentration of oxidizing agents [33, 34, 35]. The microbial deg-
radation of the organic matter in the sediments is the mechanism that causes the reducing condi-
tions, when an oxidation of the organic debris takes place, generating in the interstitial waters 
and base of the water column a decrease of the ORP-Eh values, whose reducing conditions can 
release metals such as Fe and Mn, affecting the quality of water and its potential use [6, 36].

The distribution of metals in the geochemical fractions in sediments should not be interpreted 
as a historical record of sedimentation, due to redox remobilization processes and the action 
of organisms in the upper layers of the sediment. The reducing processes under the water-
sediment limit produce and release chemical compounds such as CH4, NH4

+, H2S, Fe2+ and 
Mn2+, while the oxidation of the organic matter produces HCO3− and NH4+, in this sense the 
abrupt decrease of dissolved oxygen is generated not only by the oxidation of organic matter 
but also by the oxidation of CH4, NH4+ and HS− [37, 38]. The models of release and mobili-
zation of metals in the redox limit establishes a sedimentation or continuous deposition of 
detritus and mineral compounds from a column of hydrogen peroxide, and a source of fresh 
oxidized material from the upper and outer part, when this particulate material sediment 
and find the redox limit (oxic-anoxic region), it is reduced to its divalent forms, thus produc-
ing a point source of soluble metal in the redox limit; as the soluble metals diffuse (turbulent 
diffusion or molecular diffusion), up and down its point source generates two concentration 
profiles: an upper profile belonging to the insoluble species, caused by the gravitational accu-
mulation of oxygen-metal hydroxides (M2+), which dissolve at the redox limit and a lower 
profile belonging to the soluble species caused by the reductive dissolution of the solid phases 
of the metal, and whose concentration is higher towards the redox limit, where the migration 
upwards it, produces oxidation and formation of new oxidized insoluble species (Figure 1).

There are two basic approaches for the determination of the distribution of metals in the sediments: 
the theoretical one based on thermodynamic calculations that has the problem of incomplete data, 
and the other one is the experimental that involves a separation of fractions using a procedure or 
extraction sequential scheme (ESS), such as Tesier, BCR or others, these methods allow identifying 
phases or forms to be measured from very available to very low available [39, 40].

Figure 1. Conceptual model of the metals sensitive to redox processes (Mn and Fe), showing the profiles of the soluble 
and particulate forms. Source: adapted and modified [10].
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diffusion or molecular diffusion), up and down its point source generates two concentration 
profiles: an upper profile belonging to the insoluble species, caused by the gravitational accu-
mulation of oxygen-metal hydroxides (M2+), which dissolve at the redox limit and a lower 
profile belonging to the soluble species caused by the reductive dissolution of the solid phases 
of the metal, and whose concentration is higher towards the redox limit, where the migration 
upwards it, produces oxidation and formation of new oxidized insoluble species (Figure 1).

There are two basic approaches for the determination of the distribution of metals in the sediments: 
the theoretical one based on thermodynamic calculations that has the problem of incomplete data, 
and the other one is the experimental that involves a separation of fractions using a procedure or 
extraction sequential scheme (ESS), such as Tesier, BCR or others, these methods allow identifying 
phases or forms to be measured from very available to very low available [39, 40].

Figure 1. Conceptual model of the metals sensitive to redox processes (Mn and Fe), showing the profiles of the soluble 
and particulate forms. Source: adapted and modified [10].
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3. Environmental study of water contamination and the advantages 
of the application of the geochemical fractionation methodology

3.1. Geochemical fractionation methodology

The geochemical fractionation is a laboratory process based on the application of selective 
chemical extractions, where the mobility of metals in soils and sediments is studied, imitating 
different environmental conditions or strong changes. This method or laboratory procedure 
is based on the rational use of a series of more or less selective reagents chosen to successively 
solubilize different mineralogical fractions that are believed to be responsible for retaining a 
large part of the trace elements [41]. Chemical extractions are used to evaluate operationally 
defined metal fractions, which may be related to particular chemical species, as well as to 
the potential mobility, bioavailability and ecotoxic phases of a sample, however, the results 
obtained by the extractions are dependent on the procedure applied [39, 42], so it is con-
sidered a very accurate approach to the environmental analysis of metal pollution in soils, 
sludges and sediments. Metals of anthropogenic origin are generally introduced into the envi-
ronment as aqueous ions and inorganic complexes, which are easily adsorbed on suspended 
particles through weak chemical bonds to mineral grains and particles; these metals are pre-
dominantly belonging to the labile extractable fraction of the sediments [40].

In uncontaminated soils and sediments, trace metals occur mainly as relatively immobile 
species in silicates and primary minerals, as a result of weathering, a trace element fraction 
is gradually transferred to accessible forms for plants. In contaminated soils, the entrance 
of metals in almost all cases occurs in forms not associated with silicates. In the sediments, 
the situation is very similar, metallic species can exist in different forms [42]: in solution, 
ionic or colloidal, inorganic and organic complexes interchangeable, complexes where metals 
are strongly bound, insoluble mineral and organic phases and resistant secondary minerals. 
From a practical point of view, the geochemical fractionation of metals is achieved by sequen-
tial treatments that involve the use of chemical reagents, which are applied sequentially to a 
portion of the solid sample. The general applications of chemical extraction schemes are sum-
marized in: characterization of pollution sources, evaluation of metal mobility and bioavail-
ability and identification of metal link sites to evaluate the accumulation of metals, pollution 
and transport mechanisms.

In all the geochemical fractionation schemes, the extractants are applied in order to increase 
the reactivity to the successive fractions corresponding to forms with decreasing mobilities, 
most of the schemes or extraction sequences recommend the decomposition of the organic 
matter before the liberation of the subsequent metallic fractions [43]. Although sequential 
extractions are not specific to extracting the bound element from the solid fraction, they pro-
vide comparative information on metal mobility under changing environmental conditions, 
thus, the use of this approach can help to understand the relative contribution of metal sources 
and help in the prediction of trace element mobility [44]. Several extraction schemes have been 
designed for the determination of the forms of metals in soils and sediments, although with 
their limitations, sequential extraction is widely used to assess the relative importance of the 

Fractionation18

different chemical forms that may be present in soils and sediments. However, the reagents 
used, the times and fractions extracted depend on the objectives set out in the research proj-
ects. The geochemical fractionation protocols present a common methodology based on the 
successive exposure of a solid sample to extractant solutions of increasing strength and/or of 
different characteristics. The chemical reagents are classified according to their mode of action 
[45]: concentrated inert electrolytes, weak acid, reducing agents, complexing agents, oxidiz-
ing agents and strong acids.

The sequential extraction schemes seek to solubilize the following fractions (Figure 2):

Exchangeable fraction: the metals in this fraction are bound to sediments or soil by weak 
adsorption in the particles, they are species bound by weak interactions of electrostatic type 
and released by ion exchange processes. Changes in the ionic strength of the interstitial water 
affects adsorption-desorption or ion exchange processes result in the release of metals at the 
sediment-water, soil-water interface.

Fraction bound to carbonates: metals bound to carbonates are sensitive to changes in pH, the 
increase in acidity liberates metal cations, achieving the release of the metal through the dis-
solution of a fraction of solid material. The metal fraction recovered in the acid soluble phase 
is co-precipitated with carbonates, and specifically adsorbed at some sites on the surface of 
the clays, organic matter and oxyhydroxides of Fe-Mn.

Fraction linked to oxides of Fe-Mn or reducible fraction: metals bound to oxides are unstable under 
reducing conditions, these conditions result in the release of metal ions. The oxides of Mn and 
Fe are excellent “sweepers” of metals.

Fraction linked to organic matter or oxidizable fraction: the degradation of organic matter under 
oxidizing conditions can release soluble metals bound to these materials. Trace elements can 
be incorporated in many forms to organic matter, including living organisms, organic lay-
ers on inorganic particles and biological detritus. In sediments and soils, the organic content 
comprises humic substances and to a lesser degree proteins, carbohydrates, peptides, amino 
acids and resins, whose organic material tends to be degraded under oxidizing conditions, 
allowing the release of the sorbed metals.

Residual fraction: this fraction contains minerals, which may contain metals in their crystal-
line networks. Primary and secondary minerals contain metals in their crystalline structures, 
constituting the total of this fraction.

In general, the exchangeable fraction corresponds to the way in which the metal is more avail-
able for consumption by the plants and that can be released with simply changes in the ionic 
strength of the medium [46]. The content of metals bound to carbonates is sensitive to changes 
in pH and becomes mobile when the pH decreases. The fraction of metals bound to oxyhy-
droxides can be mobilized with the increase or reduction of oxidizing conditions in the envi-
ronment; finally, the fraction associated with the residual fraction can be mobilized only as a 
result of long-term weathering [43]. The different schemes for the extraction of metals during 
geochemical fractionation are based on sequences ranging from three to five or more steps.
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3. Environmental study of water contamination and the advantages 
of the application of the geochemical fractionation methodology
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particles through weak chemical bonds to mineral grains and particles; these metals are pre-
dominantly belonging to the labile extractable fraction of the sediments [40].

In uncontaminated soils and sediments, trace metals occur mainly as relatively immobile 
species in silicates and primary minerals, as a result of weathering, a trace element fraction 
is gradually transferred to accessible forms for plants. In contaminated soils, the entrance 
of metals in almost all cases occurs in forms not associated with silicates. In the sediments, 
the situation is very similar, metallic species can exist in different forms [42]: in solution, 
ionic or colloidal, inorganic and organic complexes interchangeable, complexes where metals 
are strongly bound, insoluble mineral and organic phases and resistant secondary minerals. 
From a practical point of view, the geochemical fractionation of metals is achieved by sequen-
tial treatments that involve the use of chemical reagents, which are applied sequentially to a 
portion of the solid sample. The general applications of chemical extraction schemes are sum-
marized in: characterization of pollution sources, evaluation of metal mobility and bioavail-
ability and identification of metal link sites to evaluate the accumulation of metals, pollution 
and transport mechanisms.

In all the geochemical fractionation schemes, the extractants are applied in order to increase 
the reactivity to the successive fractions corresponding to forms with decreasing mobilities, 
most of the schemes or extraction sequences recommend the decomposition of the organic 
matter before the liberation of the subsequent metallic fractions [43]. Although sequential 
extractions are not specific to extracting the bound element from the solid fraction, they pro-
vide comparative information on metal mobility under changing environmental conditions, 
thus, the use of this approach can help to understand the relative contribution of metal sources 
and help in the prediction of trace element mobility [44]. Several extraction schemes have been 
designed for the determination of the forms of metals in soils and sediments, although with 
their limitations, sequential extraction is widely used to assess the relative importance of the 
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different chemical forms that may be present in soils and sediments. However, the reagents 
used, the times and fractions extracted depend on the objectives set out in the research proj-
ects. The geochemical fractionation protocols present a common methodology based on the 
successive exposure of a solid sample to extractant solutions of increasing strength and/or of 
different characteristics. The chemical reagents are classified according to their mode of action 
[45]: concentrated inert electrolytes, weak acid, reducing agents, complexing agents, oxidiz-
ing agents and strong acids.

The sequential extraction schemes seek to solubilize the following fractions (Figure 2):

Exchangeable fraction: the metals in this fraction are bound to sediments or soil by weak 
adsorption in the particles, they are species bound by weak interactions of electrostatic type 
and released by ion exchange processes. Changes in the ionic strength of the interstitial water 
affects adsorption-desorption or ion exchange processes result in the release of metals at the 
sediment-water, soil-water interface.

Fraction bound to carbonates: metals bound to carbonates are sensitive to changes in pH, the 
increase in acidity liberates metal cations, achieving the release of the metal through the dis-
solution of a fraction of solid material. The metal fraction recovered in the acid soluble phase 
is co-precipitated with carbonates, and specifically adsorbed at some sites on the surface of 
the clays, organic matter and oxyhydroxides of Fe-Mn.

Fraction linked to oxides of Fe-Mn or reducible fraction: metals bound to oxides are unstable under 
reducing conditions, these conditions result in the release of metal ions. The oxides of Mn and 
Fe are excellent “sweepers” of metals.

Fraction linked to organic matter or oxidizable fraction: the degradation of organic matter under 
oxidizing conditions can release soluble metals bound to these materials. Trace elements can 
be incorporated in many forms to organic matter, including living organisms, organic lay-
ers on inorganic particles and biological detritus. In sediments and soils, the organic content 
comprises humic substances and to a lesser degree proteins, carbohydrates, peptides, amino 
acids and resins, whose organic material tends to be degraded under oxidizing conditions, 
allowing the release of the sorbed metals.

Residual fraction: this fraction contains minerals, which may contain metals in their crystal-
line networks. Primary and secondary minerals contain metals in their crystalline structures, 
constituting the total of this fraction.

In general, the exchangeable fraction corresponds to the way in which the metal is more avail-
able for consumption by the plants and that can be released with simply changes in the ionic 
strength of the medium [46]. The content of metals bound to carbonates is sensitive to changes 
in pH and becomes mobile when the pH decreases. The fraction of metals bound to oxyhy-
droxides can be mobilized with the increase or reduction of oxidizing conditions in the envi-
ronment; finally, the fraction associated with the residual fraction can be mobilized only as a 
result of long-term weathering [43]. The different schemes for the extraction of metals during 
geochemical fractionation are based on sequences ranging from three to five or more steps.
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3.2. The role of geochemical fractionation and the BCR methodology

The importance of geochemical fractionation or metals forms is not only to determine the 
groups in which metals are distributed in a soil or sediment, the most important thing is to 
be able to relate these results to the chemical conditions of the bottom water of a reservoir 
and the water of pore, and its variations in time (pH, EC, ORP-Eh and organic matter), and 
thus be able to infer when or under what conditions can begin to release metals. Among the 
established and well-known extraction schemes for metal extraction are:

3.2.1. Methodology of Tessier

It corresponds to one of the initial methodologies to establish the fractions of metals, devel-
oped in the year 1979 [47]. It determines five fractions of metals in matrices such as soils and 
sediments: Fraction 1: soluble in water and interchangeable, Fraction 2: associated with car-
bonates, Fraction 3: linked to oxides of Fe and Mn, Fraction 4: linked to organic matter and 
Fraction 5: residual, linked to complex oxides and silicates.

Figure 2. Metals forms or geochemical fractions of metals in sediments, soils or sludges.
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3.2.2. Methodology of bloom (emphasis on the extraction of non-volatile mercury fractions)

This methodology is very applied to mining and industrial sludge where Hg is one of the 
main pollutants, also determines five fractions, but with some differences: F1: soluble in water 
(Hg-w), F2: interchangeable (soluble in stomach acid Hg-I), F3: chelated organ (Hg-O), F4: 
elemental mercury (Hg-E) and F5: mercury sulfide (Hg-s) [48].

3.2.3. BCR methodology

Developed by the European Community, with the Measurement and Testing Program (BCR) 
[44], where several authors have defined the following fractions as the most important [40]. 
The BCR geochemical fractionation (European Community Reference Office—BCR), in order 
to determine the concentrations of metals according to their availability: BCR1: interchange-
able metal, adsorbed and bound to carbonates, BCR2: metal reducible or associated with 
oxides, BCR3: metal associated with organic matter and sulfides and residual: mineral in sili-
cates and other mineral phases [49].

The applied protocol in BCR Methodology [50] is:

• Interchangeable fraction and soluble in acid, BCR1: to 1 g of dry sediment is added 40 ml 
of 0.11 M acetic acid, it is stirred at 400 rpm, for 16 h. Centrifuge for 20 min at 3600 rpm, 
collect the supernatant for reading in AA or by ICP. The sediment is then washed with 
distilled water, stirring the sample with 20 ml, centrifuging 20 min at 3600 rpm, discarding 
the supernatant.

• Reducible fraction, BCR2: to the remaining sediment of the BCR1 extraction, 40 ml of 
0.5 M hydroxylamine (pH = 1.5) is added, it is stirred at 400 rpm, for 16 h. It is then centri-
fuged 20 min at 3600 rpm, the supernatant is collected for reading in AA or by ICP. The sed-
iment is washed with distilled water, stirring the sample with 20 ml, centrifuging 20 min at 
3600 rpm, discarding supernatant.

• Oxidizable fraction, BCR3: to the remaining sediment of the BCR2 extraction, initially 
10 ml of 8.8 M hydrogen peroxide is added, it is heated in water to 85° C for 1 h, and it is 
left to cool. The operation is repeated until all the organic matter is oxidized. About 50 ml 
of 1 M ammonium acetate is added at pH = 2.0, stirring at 400 rpm, for 16 h. Centrifuge 
for 20 min at 3600 rpm, collect the supernatant for reading in AA or by ICP. The sedi-
ment is washed with distilled water, stirring the sample with 20 ml, centrifuging 20 min at 
3600 rpm, discarding the supernatant.

• Residual metal: the metallic fraction associated with the sediment after washing is con-
sidered the residual extracted with the mixture of hydrochloric acid (HCl) and nitric acid 
(HNO3) in a ratio of 1:3.

The two reasons why the latter methodology was selected for the study of the mobility of Mn 
in the Riogrande II reservoir were the simplicity in the fractions with respect to the Tessier 
methodology and the existence of reference materials.
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3.2. The role of geochemical fractionation and the BCR methodology
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bonates, Fraction 3: linked to oxides of Fe and Mn, Fraction 4: linked to organic matter and 
Fraction 5: residual, linked to complex oxides and silicates.
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methodology and the existence of reference materials.
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3.3. The complete environmental study for the metals in water reservoir

When the potential for water contamination is to be evaluated, based on the geochemical 
fractionation data of the sediments, the following analyzes are also included for the complete 
environmental study for the metals in water reservoir:

• Spatial time variations of the factors: pH, redox potential, electric conductivity, dissolved 
oxygen and temperature both in the bottom water and in the interstitial water.

• Proportions of organic matter, texture and mineralogy of the sediments using various tech-
niques to associate mineral phases with the metals found in the fractionation.

• Experimental tests in columns with the sediments and the background water, making them 
vary in time especially in the pH and dissolved oxygen factors (modifying them), and eval-
uating the behavior of the metals in the water column.

• Analysis of soluble metals at least 50 cm above the water sediment limit and 1 m below that 
limit considering sampling points at least every 2 cm.

• Analysis of diffractometry with scanning electron microscopy, in order to verify the min-
eral phases predicted in the geochemical fractionation.

However, since a few years ago, the following three analyzes are being emphasized to assess 
the contamination of a metal in a soil, sediment or body of water: available fraction (cor-
responds especially to the BCR1 + BCR2 fractions, the extraction of the available phase is a 
simple extraction and can be done with: HCL 1 N-CH3COOH 0.11 M-Na2EDTA 0.05 M-CaCl2 
0.01 M-NH4NO3 0.1 M-Ca (NO3)2 0.1 M [28, 51, 52]), bioaccessible fraction (corresponds to 
the fraction of the substance that once released enters an organism via ingestion, inhalation 
or dermal contact [53, 54], the extraction of this fraction is also simple and is generally done 
with: acidified 0.4 M glycine (pH = 1.5) and it is then neutralized (pH = 7.0) that would cor-
respond to the gastric and intestinal fluid [55, 56]) and bioavailable fraction (fraction that is 
accumulated in vegetable and/or animal tissues [51, 52]).

4. Case study: application of geochemical fractionation in the 
Colombian reservoir

4.1. The Riogrande II reservoir (Antioquia-Colombia), its location and other related 
information

In the Riogrande II reservoir (Antioquia-Colombia) there have been concentrations of Mn 
that eventually affected negatively the quality of the water resource, especially due to color 
effects, prior to the treatment in the potabilization plant that supplies water to the city of 
Medellin (Colombia). In order to implement the necessary controls, it was necessary to know 
and analyze the geochemical dynamics of Mn from the geochemical fractionation, its relations 
with the physicochemical conditions of the reservoir and finally determine the conditions of 
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release from the sediment. The Riogrande II reservoir (6° 32.62 N, 75° 27.27 W) is located in 
the jurisdiction of the municipalities of Don Matías, San Pedro, Belmira, Santa Rosa de Osos 
and Entrerríos to the North of the city of Medellin (Department of Antioquia—Colombia) [57].

4.2. Mn in the sediments of this reservoir and its significance

In natural and artificial water bodies, such as reservoirs, sediments are important in water 
quality, since changes in redox conditions can dissolve oxy- hydroxides of Mn and Fe, mobiliz-
ing and releasing these metals [22]. The manganese is the third element of the most abundant 
transition metals in the earth’s crust [58], as a transition metal it gives an important behavior 
at the level of oxide-reduction, and it facilitates the formation of complexes, being one of the 
most abundant elements of the earth’s crust. It is found in the ground, sediments, rocks, water 
and in biological products; at least a hundred minerals contain it [59]. Mn is a metal that is very 
sensitive to redox changes in soils and natural waters. In humid soil conditions, Mn tends to be 
in its reduced and mobile form. It is well-known that the concentrations of soluble forms of Mn 
undergo strong changes in the depth of water columns where oxygen depletion occurs, which 
is strongly associated to the oxidation of organic matter in sediments; therefore, organic mat-
ter plays a very important role in the control and distribution of Mn2+ in the interstitial water; 
either, as an adsorbent or as a complexing ligand [60–62].

The behavior of Mn is influenced by the acidification of the medium, with an inverse correla-
tion between the concentrations of Mn2+ and the pH values. Some bodies of water with pH 
values ≥6.0, act as sinks of Mn, while smaller values act as a source of Mn. This behavior is 
possibly controlled by dissolution processes of species such as Mn4+ and Mn3+, the oxidation 
kinetics of Mn and the equilibrium of ion exchange [63]. Both the humic fraction and the con-
centrations of metal adsorbed to insoluble phases decrease as the pH decreases [64, 65]. The 
Mn2+ ion released at the bottom, forms organic complexes or the hexacuous ion Mn (H2O)6

2+ 
that is very stable. When the redox conditions are adequate, a precipitate of MnO2 (Pyrolusite) 
is formed; it forms incrustations even at concentrations of 0.02 mg L−1. The environmental 
problem of Mn in reservoirs has been correlated with thermal and chemical stratification, 
since some bacteria use Mn4+ as an oxidizing agent of organic matter in its metabolic pro-
cesses, reducing it to Mn2+ and releasing it to the water column. It has even been considered 
that oxide-reducing bacteria of Fe also act on manganese [66].

4.3. Application of the BCR methodology, results, discussion and conclusions

The application of BCR geochemical fractioning of Mn in the Riogrande II reservoir is pre-
sented, starting from the design of research, applied methodology, results, discussion and 
analysis, finally arriving at the proposed model of Mn entrance to the reservoir, the distribu-
tion of its forms in the sediment and release mechanisms towards the water column.

4.3.1. Used methodology

A sediment sampling was carried out in two different months (March and June 2008), in 
seven stations within the reservoir, using the Ekkman dredger and through AA, the total Mn 
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3.3. The complete environmental study for the metals in water reservoir

When the potential for water contamination is to be evaluated, based on the geochemical 
fractionation data of the sediments, the following analyzes are also included for the complete 
environmental study for the metals in water reservoir:

• Spatial time variations of the factors: pH, redox potential, electric conductivity, dissolved 
oxygen and temperature both in the bottom water and in the interstitial water.

• Proportions of organic matter, texture and mineralogy of the sediments using various tech-
niques to associate mineral phases with the metals found in the fractionation.

• Experimental tests in columns with the sediments and the background water, making them 
vary in time especially in the pH and dissolved oxygen factors (modifying them), and eval-
uating the behavior of the metals in the water column.

• Analysis of soluble metals at least 50 cm above the water sediment limit and 1 m below that 
limit considering sampling points at least every 2 cm.

• Analysis of diffractometry with scanning electron microscopy, in order to verify the min-
eral phases predicted in the geochemical fractionation.

However, since a few years ago, the following three analyzes are being emphasized to assess 
the contamination of a metal in a soil, sediment or body of water: available fraction (cor-
responds especially to the BCR1 + BCR2 fractions, the extraction of the available phase is a 
simple extraction and can be done with: HCL 1 N-CH3COOH 0.11 M-Na2EDTA 0.05 M-CaCl2 
0.01 M-NH4NO3 0.1 M-Ca (NO3)2 0.1 M [28, 51, 52]), bioaccessible fraction (corresponds to 
the fraction of the substance that once released enters an organism via ingestion, inhalation 
or dermal contact [53, 54], the extraction of this fraction is also simple and is generally done 
with: acidified 0.4 M glycine (pH = 1.5) and it is then neutralized (pH = 7.0) that would cor-
respond to the gastric and intestinal fluid [55, 56]) and bioavailable fraction (fraction that is 
accumulated in vegetable and/or animal tissues [51, 52]).

4. Case study: application of geochemical fractionation in the 
Colombian reservoir

4.1. The Riogrande II reservoir (Antioquia-Colombia), its location and other related 
information

In the Riogrande II reservoir (Antioquia-Colombia) there have been concentrations of Mn 
that eventually affected negatively the quality of the water resource, especially due to color 
effects, prior to the treatment in the potabilization plant that supplies water to the city of 
Medellin (Colombia). In order to implement the necessary controls, it was necessary to know 
and analyze the geochemical dynamics of Mn from the geochemical fractionation, its relations 
with the physicochemical conditions of the reservoir and finally determine the conditions of 
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release from the sediment. The Riogrande II reservoir (6° 32.62 N, 75° 27.27 W) is located in 
the jurisdiction of the municipalities of Don Matías, San Pedro, Belmira, Santa Rosa de Osos 
and Entrerríos to the North of the city of Medellin (Department of Antioquia—Colombia) [57].

4.2. Mn in the sediments of this reservoir and its significance

In natural and artificial water bodies, such as reservoirs, sediments are important in water 
quality, since changes in redox conditions can dissolve oxy- hydroxides of Mn and Fe, mobiliz-
ing and releasing these metals [22]. The manganese is the third element of the most abundant 
transition metals in the earth’s crust [58], as a transition metal it gives an important behavior 
at the level of oxide-reduction, and it facilitates the formation of complexes, being one of the 
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2+ 
that is very stable. When the redox conditions are adequate, a precipitate of MnO2 (Pyrolusite) 
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cesses, reducing it to Mn2+ and releasing it to the water column. It has even been considered 
that oxide-reducing bacteria of Fe also act on manganese [66].

4.3. Application of the BCR methodology, results, discussion and conclusions

The application of BCR geochemical fractioning of Mn in the Riogrande II reservoir is pre-
sented, starting from the design of research, applied methodology, results, discussion and 
analysis, finally arriving at the proposed model of Mn entrance to the reservoir, the distribu-
tion of its forms in the sediment and release mechanisms towards the water column.

4.3.1. Used methodology

A sediment sampling was carried out in two different months (March and June 2008), in 
seven stations within the reservoir, using the Ekkman dredger and through AA, the total Mn 
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was determined. For the geochemical fractions, the BCR methodology was applied. The sam-
pled stations were characterized by: E1. Rio Chico entrance: station located at the entrance 
of the Chico River in the reservoir, in the extreme west, depth of sampling 13 m., E2. Middle 
Riochico: located in the middle part of the Chico River, depth of sampling 27 m., E3. Rio 
Grande entrance: located at the entrance of Rio Grande, depth of sampling 12 m., E4. Middle 
Rio Grande: located in the middle part of Rio Grande, similar to the E2 by the amplitude of 
the reservoir, depth of sampling 35 m., E5. Las Animas river mouth: located at the entrance 
of Las Animas Creek, depth of sampling 11 m., E6. Intake Tower: located in the reservoir 
dam site, its importance is that in this site the water is captured by the treatment plant, depth 
18 m. and E7. Dam Zone: it was located in the dam area, depth of sampling 42 m. After tak-
ing the sediment, the analyzes were carried out in situ by introducing the electrodes into the 
sediment-water mixture of factors such as: pH, dissolved oxygen, redox potential and electri-
cal conductivity. After reading the interstitial water variables, the sediment-water mixtures 
of each sampled station were packed in vacuum polypropylene bags and immediately pre-
served in cold temperature until their arrival to the laboratory, where they were stored in the 
refrigerator until further analysis of Mn [67].

The analyzed factors for the water matrix (bottom hypolimnion and interstitial) were pH, dis-
solved oxygen, ORP-Eh potential and electrical conductivity, and in the sediment the percent-
age of organic matter (%OM). For the dependent variables in the sediment, were analyzed: 
total Mn, the Mn fractions according to the BCR protocol (interchangeable Mn and associated 
with carbonates, Mn associated with oxides, Mn associated with organic matter and sulfides), 
and the residual fraction (Mn associated with silicates). Finally, the identification of the pos-
sible mineral phases associated with Mn in some of the sediment samples was carried out by 
means of the analysis of X-ray diffractometry coupled to scanning electron microscopy (XRD-
SEM). To the water samples of the bottom hypolimnion and interstitial water were measured 
pH and temperature with the WTW-model 330 equipment with a glass electrode, the electri-
cal conductivity with the WTW-model 720 conductivity meter, the ORP-Eh potential with 
the WTW-model 330 equipment with a platinum electrode and dissolved oxygen with WTW 
brand oximeter with Cellox® cell. The organic matter (% OM) of the sediment was deter-
mined in the same way as for the soil, through the volumetric method of Black and Wlakley.

For total Mn and BCR fractions, the sediment brought from the reservoir was dried at envi-
ronmental conditions for 1 week; for the total Mn, to 1 g of the dry sediment, a mixture of 
hydrochloric acid (HCl) and nitric acid (HNO3) was added in a 1:3 ratio for the extraction, 
following the ISO 11466 protocol. The interchangeable fraction and soluble in carbonate (Mn) 
-BCR1) was obtained by stirring 1 g of dry sediment for 16 h with 40 ml of 0.11 M acetic acid 
at 400 rpm and then centrifuged, and then the supernatant was filtered, the reducible frac-
tion (Mn-BCR2) was obtained by stirring the previous residual sediment for 16 h with 40 ml 
of 0.5 M hydroxylamine chloride, acidified to pH 1.5 with nitric acid, stirred at 400 rpm and 
subsequent centrifugation, extraction and filtration of the supernatant, for the oxidable frac-
tion (Mn-BCR3) Initially double oxidation was performed with 20 ml of 0.88 M hydrogen 
peroxide for 2 h, and then agitation of the remaining sediment with 40 ml of 1 M ammonium 
acetate for 16 h and centrifugation, extraction and filtration of the supernatant, and finally for 
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the remaining residual sediment fraction, it was treated with a mixture of hydrochloric acid 
(HCl) and nitric acid (HNO3) in a ratio of 1:3.

The readings for the total Mn as well as for the fractions were carried out by Atomic Absorption 
in a GBC Plus equipment, the detection limit (LD) was 0.01 mg L−1 and the limit of quantifica-
tion was 0.05 mg L−1. All analyzes were performed by duplicate. As a decision rule, the effi-
ciency of the geochemical fractionation for each sediment sample was calculated by using the 
percentage of recovery (% Recovery), which relates the total metal and the resultant of the sum 
of the fractions BCR1, BCR2, BCR3 and residual (Res), the optimal condition establishes that 
there should not be more than ±10% in the difference of both concentrations (100 ± 10%, [68]),  
this range is considered a quality standard of the extraction process.

The averages, standard deviations and the level of variability were determined by the coefficient of 
variation, both for the total Mn dependent variables and the Mn fractions (BCR1, BCR2, BCR3 and 
residual) and for the independent variables: pH, redox potential, electrical conductivity, dissolved 
oxygen and organic matter. To evaluate the hypothesis, the analysis of components of variance was 
initially started in order to determine the factors (sampling time and station) that contributed to the 
Mn (total and fractions), afterwards a Pearson multiple correlation was made (p < 0.05), to establish 
the physicochemical factors that have a statistically significant correlation with the response vari-
ables, moving on to an analysis of variance between the values of Mn (total, BCR1 and BCR2) and 
the factors: sampling, station and the physicochemical conditions of the bottom hypolimnion water 
and sediment (p < 0.05). Before proceeding with the calculations, the assumptions of the parametric 
statistics were corroborated, for this vector was evaluated in the matrix of the following dependent 
variables (Mn-Total, Mn-BCR1 and Mn-BCR2), normality was evaluated with the Shapiro Wilks 
(SW) Test and homoscedasticity with Bartlett’s Contrast Value (β). Statistical calculations were per-
formed in the Statgraphics Centurion XVI program with significance 0.05.

4.3.2. Results of the geochemical fractionation

The results of the total Mn (mg kg−1) are summarized in Table 1.

Table 1. Synthesis of results of the Total Mn for the geochemical fractionation.
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subsequent centrifugation, extraction and filtration of the supernatant, for the oxidable frac-
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and sediment (p < 0.05). Before proceeding with the calculations, the assumptions of the parametric 
statistics were corroborated, for this vector was evaluated in the matrix of the following dependent 
variables (Mn-Total, Mn-BCR1 and Mn-BCR2), normality was evaluated with the Shapiro Wilks 
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For both samplings, the results showed the highest concentrations in the two main entrances 
to the reservoir: E1 and E3, while in the middle of the Riochico, it had the lowest concentra-
tions; when comparing these values against the considered threshold value (400 mg kg−1 [69]), 
it was found that stations E1, E3 and E4 (Middle of Rio Grande), had at least the threshold 
value. There were practically no significant differences between the two sampling periods. At 
the level of the BCR1 geochemical fraction, the results were summarized in Table 2.

Similar to the Total Mn, the highest concentrations were found at the entrances to the reser-
voir (E1 and E3), in none of the stations and climatic periods, the threshold of 400 mg kg−1 
was exceeded. There were practically no significant differences between the two sampling 
periods. At the level of the BCR2 geochemical fraction, the results were summarized in 
Table 3.

Table 2. Synthesis of Mn-BCR1 results.

Table 3. Synthesis of Mn-BCR2 results.
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The reducible geochemical fraction Mn-BCR2 did not exceed 80 mg kg−1, unlike the total Mn 
and Mn-BCR1, this fraction increased in the dry period with respect to the rainy period, but 
not significantly. The whole analysis of the shown fractions as a proportion, indicated a pre-
dominance of Mn in the BCR1 and BCR2 fractions, with respect to the Mn of BCR3 and resid-
ual; however, comparing both sampling times, the proportions in the dry period in stations 
E1, E2, E3, E4, E5 and E6 (Rio Chico, Rio Grande and Las Animas, Intake tower), exceeded the 
concentrations of the rainy period (Figure 3).

BCR1: co-precipitated, interchangeable and associated with carbonates Mn.

BCR2: reducible (associated with oxyhydroxides) Mn.

BCR3: oxidizable (Associated with sulfides and insoluble organic matter) Mn.

Res: associated with the residual fraction (silicates) Mn.

Finally, establishing the proportion of available Mn as the ratio between the sum of the BCR1 
and BCR2 fractions and the Total Mn. It was found that more than 80% of the Mn of the sedi-
ment was available in the stations: E1 (Rio Chico entrance), E4 (Middle of Rio Grande), E5 
(Las Animas) and E6 (Intake tower) for the dry period and E2 (Middle of Rio Chico) for the 
rainy period. The recovery percentage for the fractionation produced values between 80 and 
90%, and indicated that the sequential extraction scheme could not solubilize the whole Mn, 
it was probably due to the formation of very stable organo-metallic compounds, especially 
in the samples taken during the rainy period. Likewise, the E2 sample (Middle of Rio Chico) 
presented a recovery of 135%, and could be associated with contamination during the extrac-
tion process.

Figure 3. Proportions of the fractions of Mn in two sampling periods in seven stations. Note that the available fractions 
BCR1 Mn and BCR2 Mn, exceed 60% of the total Mn.

Application of the Geochemical Fractionation of Metals in Sediments for Environmental Analysis of a Water...
http://dx.doi.org/10.5772/intechopen.76223

27



For both samplings, the results showed the highest concentrations in the two main entrances 
to the reservoir: E1 and E3, while in the middle of the Riochico, it had the lowest concentra-
tions; when comparing these values against the considered threshold value (400 mg kg−1 [69]), 
it was found that stations E1, E3 and E4 (Middle of Rio Grande), had at least the threshold 
value. There were practically no significant differences between the two sampling periods. At 
the level of the BCR1 geochemical fraction, the results were summarized in Table 2.

Similar to the Total Mn, the highest concentrations were found at the entrances to the reser-
voir (E1 and E3), in none of the stations and climatic periods, the threshold of 400 mg kg−1 
was exceeded. There were practically no significant differences between the two sampling 
periods. At the level of the BCR2 geochemical fraction, the results were summarized in 
Table 3.

Table 2. Synthesis of Mn-BCR1 results.

Table 3. Synthesis of Mn-BCR2 results.

Fractionation26

The reducible geochemical fraction Mn-BCR2 did not exceed 80 mg kg−1, unlike the total Mn 
and Mn-BCR1, this fraction increased in the dry period with respect to the rainy period, but 
not significantly. The whole analysis of the shown fractions as a proportion, indicated a pre-
dominance of Mn in the BCR1 and BCR2 fractions, with respect to the Mn of BCR3 and resid-
ual; however, comparing both sampling times, the proportions in the dry period in stations 
E1, E2, E3, E4, E5 and E6 (Rio Chico, Rio Grande and Las Animas, Intake tower), exceeded the 
concentrations of the rainy period (Figure 3).

BCR1: co-precipitated, interchangeable and associated with carbonates Mn.

BCR2: reducible (associated with oxyhydroxides) Mn.

BCR3: oxidizable (Associated with sulfides and insoluble organic matter) Mn.

Res: associated with the residual fraction (silicates) Mn.

Finally, establishing the proportion of available Mn as the ratio between the sum of the BCR1 
and BCR2 fractions and the Total Mn. It was found that more than 80% of the Mn of the sedi-
ment was available in the stations: E1 (Rio Chico entrance), E4 (Middle of Rio Grande), E5 
(Las Animas) and E6 (Intake tower) for the dry period and E2 (Middle of Rio Chico) for the 
rainy period. The recovery percentage for the fractionation produced values between 80 and 
90%, and indicated that the sequential extraction scheme could not solubilize the whole Mn, 
it was probably due to the formation of very stable organo-metallic compounds, especially 
in the samples taken during the rainy period. Likewise, the E2 sample (Middle of Rio Chico) 
presented a recovery of 135%, and could be associated with contamination during the extrac-
tion process.

Figure 3. Proportions of the fractions of Mn in two sampling periods in seven stations. Note that the available fractions 
BCR1 Mn and BCR2 Mn, exceed 60% of the total Mn.

Application of the Geochemical Fractionation of Metals in Sediments for Environmental Analysis of a Water...
http://dx.doi.org/10.5772/intechopen.76223

27



4.3.3. Results-physicochemical analysis of sediment and bottom water

The results of the physicochemical analysis of two types of water in the bottom of the reser-
voir were compared: bottom hypolimnion water and interstitial waters (sediment water and 
pore water). This comparison was carried out with the purpose of identifying the changes in 
geochemical conditions between the water on the sediment (bottom hypolimnion) and the 
water under the water-sediment limit (interstitial water) and its relation with the results of 
total Mn and Mn in the fractions.

The results indicated an oxic bottom hypolimnion and sub-toxic interstitial water (sediment 
water) during the rainy period, the redox potential was more variable in the waters of the 
bottom hypolimnion where positive and negative redox potentials were present, compared to 
the same potential in interstitial waters, where the records always showed negative potentials 
(−128.4 mV in the rainy period and −120.3 mV in the dry period); for the sediment, the organic 
matter had values between 25.01% in the rainy period and 24.5% in the dry period, neutral 
pH in the water of the bottom hypolimnion, and more acid for the interstitial waters. The frac-
tionation showed that more than 50% of the Mn in the sediments is present in available form 
(69% in the rainy period and 79% in the dry period), probably co-precipitated and adsorbed 
in the organic matter.

pH: the pH of both types of water (bottom hypolimnion and interstitial), presents values close 
to neutrality; however, while the waters of the bottom hypolimnion is practically neutral; the 
interstitial waters were more acidic in the rainy period.

Redox potential-Eh: the waters of the bottom hypolimnion changed significantly from positive 
redox potentials in the rainy period to negative values in the dry period, but always remained 
under reducing conditions with a maximum of +82.5 mV. In general, the water of the bottom 
hypolimnion of Riogrande II reservoir can be considered as a reducing agent, despite having 
positive redox potentials, and the interstitial or sediment waters can be considered as strongly 
reducing agent.

Dissolved oxygen (DO): in terms of dissolved oxygen, the waters of the bottom hypolimnion, 
maintained both oxic and hypoxic concentrations, while the sediment waters remained 
hypoxic. The dissolved oxygen presented a different behavior between the waters of the bot-
tom hypolimnion and the interstitial waters. The decrease in dissolved oxygen, both in the 
water of the bottom hypolimnion and in the interstitial water for the dry period could be 
associated with a higher concentration of soluble organic matter.

Electrical conductivity (EC): first, when analyzing the values, it is found that the electrical con-
ductivity is almost 9 times higher than the values of the hypolimnion of the bottom with 
respect to the interstitial waters; then, the conductivity values do not show significant vari-
ability depending on the time of sampling.

Organic matter (% OM): in the month of the rainy period, the average value in the stations was 
25.01 ± 3.9% of organic matter, with a CV of 3.9%, the highest proportion was found in the 
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sediment of E2 with 32.28% and the minimum in E5 with 21.01%; for the dry period, the value 
was similar with 24.05 ± 2.9%, and a CV of 12%. From the rainy period to the dry period, it was 
increased the % of organic matter, at stations E4 (Middle of Rio Grande), E6 (Intake Tower) 
and E7 (Dam Zone).

4.3.4. Results of the EDX-SEM analysis

Sediment samples taken during the rainy period were analyzed; the results showed that in 
the E2 station the Mn is associated with particles of Pb and calcium carbonate (Figure 4), in 
station E4 there were Zn sulfide (Characteristic of reducing conditions) and in the associated 
diffractogram, besides the Zn, Mn is associated with Fe within a matrix that is composed of 
Si, Al, C and O, probably associated with aluminosilicates and carbonates; in E6 the sample 
did not present evidence of Mn, only Ti within a matrix of aluminosilicates. Finally, the E7 
sample shows some mineral phases associated with Mn carbonates, free spherical forms (less 
than 1 μm), and carbonates associated with Pb that are abundant in the sediments of this sta-
tion (Figure 5).

Figure 4. Image and diffractograms of the sediment in E2, observed in (a), a clear point corresponding to Pb associated 
with Mn and calcium carbonate, the gray part of the particle is mainly calcium carbonate. In the image (b) there are 
particles containing Mn associated with Ti.
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4.3.5. Discussion and analysis of results

• Of the geochemical fractionation and its relation with the physicochemical conditions of 
the bottom water and interstitial water

The entries of the Chico and Rio Grande Rivers (E1 and E3), correspond to the tributaries in 
which the highest concentrations of Mn reached the sediment of the reservoir, and although 
statistically it was not significant, there was a greater contribution at the time of rains, possi-
bly due to an increase in the soluble and bottom charge of both streams. Conditions associated 
with the dry weather period could be the reason that the available fractions of Mn (MnBCR1—
Interchangeable Metal and Carbonate Associated and MnBCR2—Oxyhydroxides) have been 
higher compared to the rainy period, possibly associated with the decrease in the redox 
potential during the dry period, especially in the water of the bottom hypolimnion, and 
could be associated with the decrease in the flow rate and a decrease in dissolved oxygen, 
however statistically it was not significant. The low values of redox potential, both in the 
bottom hypolimnion (less than 100 mV) and in the sediments (up to −150 mV), shows that in 
this anoxic-reducing environment, it would be changing from a post-oxic zone in the bottom 
hypolimnion to a sulfidic zone in the sediments [60], where Mn2+, Fe2+ and NH4+ occur due 
to the presence of Zn sulfide in the sediments; the probability of finding oxides of Mn in this 
environment is minimal and the Mn found is in a reduced form, complexed and adsorbed to 
other mineral phases. However, no pyrite was found in the EDX-SEM analyzes, which could 
mean that the presence of HS- and H2S necessary for the formation of this mineral, is below 
10 cm.

Figure 5. Images and diffractograms of the sample in E7, the particle in the image above corresponds to Pb carbonate and 
Mn carbonate, the diffractograms showed signal for Mn.
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• Possible causes of the release of Mn and its remobilization to the water column

One of the possible causes of the release and remobilization of Mn in the sediments of the 
Riogrande II reservoir were the highly reducing conditions of the sediments generated by 
microbial oxidation and the decrease in pH. These conditions reduce the phases of oxidized 
metal, releasing Mn2+ among other ions, which are solubilized and complexed with soluble 
organic matter such as fulvic acids [59]. The strongly reducing conditions in the interstitial 
waters remained practically the same for both sampling periods (−120 mV), and as for the 
pH, it went from acidic conditions (5.4) in the rainy period to almost neutral (6.7) in the dry 
period; however for the bottom hypolimnion waters, if there was a significant reduction in the 
redox potential in the dry period, without significant changes in the pH, which could suggest 
that the change from reducing to strongly reducing conditions in the bottom hypolimnion 
facilitates the remobilization of metals such as Mn.

The release of metals from the sediment of the water column may be due to processes such as 
the desorption and formation of soluble organic complexes, associated with the decomposi-
tion of organic matter [70], processes such as dissolution reductive metal oxides are possibly 
the cause of the release and mobility of Mn in the water sediment interface of the Riogrande 
II reservoir; however, it should be considered that the process of reducing the oxides of Mn 
is at the highest level in the column of water over the limit water-sediment [71]. One of the 
characteristics of the sediment found in the reservoir is the continuous presence of sulfides 
as demonstrated by the EDX-SEM analysis, it indicates strongly reducing sediment conditions 
during sampling; however, the presence of some carbonates in stations such as E2 (Middle 
of Riochico), E3 (Rio Grande Entrance) and E7 (Dam area), added to the pH values in inter-
stitial waters, especially in the dry period, allows us to conclude that the sediments in the 
Riogrande II reservoir are strongly of reducing characteristics with conditions from neutral 
to acidic. The fractionation results indicate that although the Mn would not be found in high 
levels of sediment contamination, there is an environmental risk for the water quality of 
the reservoir due to the high proportion (more than 50%) of this metal in the more mobile 
fractions. (BCR1 and BCR2), especially in the dry period for E1, E3 and E4, these fractions 
are highly bioavailable [72]. It can be established that the Mn that enters the Riogrande II 
reservoir, probably makes it both soluble (organic and inorganic complexes) and insoluble 
(Oxyhydroxides-aluminosilicates), and when precipitated towards the bottom of the water 
column.

• Proposed model of Mn remobilization

Despite the presence of significant concentrations of total Mn in the sediment (values between 
121.17 and 651.25 mg kg−1), only Mn carbonate evidence was found in the sediment in the prey 
area. The results of the geochemical fractionation show that this metal is mainly in adsorbed 
form to other minerals, followed by Mn associated with organic matter and some oxides and 
hydroxides of Mn (Figure 6).

From the geochemical fractionation, the EDX-SEM findings and complementary studies of the 
sediment water interface along with geochemical modeling allowed to identify the following 
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processes for the Mn in the Riogrande II reservoir: entrance to the reservoir in mineral form 
(silicates and oxides), and complex form, beginning of the reductive dissolution in terms that 
the oxides enter the water with reducing potentials, release in the hypolimnion of Mn2+ ions, 
adsorption of Mn2+ to other minerals and organic compounds, precipitation in the reservoir 
and finally formation of organic and inorganic complexes of Mn2+ in the same water column.

5. Conclusions

• The proportion of Mn available (BCR1 and BCR2) in the sediments was in a range above 
50% of the total Mn in both climatic periods, which indicates that for the sediments of the 
Riogrande II reservoir, most of the Mn corresponds to fractions possibly adsorbed to min-
eral phases and organic compounds, where physical processes such as resuspensions gener-
ate chemical changes of pH, redox potential and conductivity, among others. It allows the 
transfer of insoluble phases with little mobility to mobile phases in the water column. This 
condition creates a danger to the water quality of the reservoir, because whenever there are 
falls of redox potential and/or the pH in the sediment water limit is lowered, reductive dis-
solution and desorption processes will be generated and will mobilize heavy metals towards 
the column of water.

• With the results and statistical analysis obtained, we accept the hypothesis about mobili-
zation scenarios of the Mn present in the sediment to the water column, where the reduc-
ing conditions, acid pH and high conductivity increase the concentration of Mn available, 
product of processes of remobilization in the sediment.
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Abstract

Fractionation plays a big role in most of the sample processing especially in mushroom 
polysaccharides extraction. This intermediate step will determine further purification 
process which will lead to the type of polysaccharides that will be obtained. Four types of 
Ganoderma lucidum cultured medium used in the research papers were randomly chosen. 
They are spores, mycelia, fruiting body and fermentation broth. For water soluble poly-
saccharides, hot water extraction is typically applied. The following ethanol precipitation 
could be appropriate used to sediment the component with OH-group including polysac-
charide. The next step of fractionation consist of anion exchange chromatography or gel 
filtration enhance the purity of polysaccharides. Using these extraction and fractionation 
techniques, high quality polysaccharides could be successfully obtained from the mush-
room that are useful for further studies. This review examined the various extraction and 
fractionation techniques used in the study of polysaccharides from G. lucidum.

Keywords: extraction, fractionation, polysaccharide, Ganoderma lucidum, anion 
exchange chromatography

1. Mushroom polysaccharides

Mushroom polysaccharides have been studied intensively since the therapeutic effects of hot 
water extract from several fungi were evaluated on Swiss albino mice [1]. The fungi, Pleurotus 
ostreatus, Pholiota nameko, Pleurotus spodoleucus, Tricholoma matsutake, Flammulina velutipes and 
Lentinula edodes have been shown to potentially inhibit the growth of transplanted Sarcome 180 
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tumor cells [2]. These significant results have prompted many scientists to purify and isolate the 
therapeutic compounds. One of the effective constituents was found to be β-D-glucan. It is one 
of the main constituents of medicinal mushroom, the main chain consisting of β-(1→3) linkages 
with some β-(1→6) branches as well as chitin, mannons, galactans, and xylans. Figure 1 shows 
the molecular structure of β-D-glucan.

The long chain of main β-glucan molecules is capable of having branching side-chains with 
other monosaccharides in the position of C1 and C3 or C1 and C6 through condensation. Likewise, 
other types of molecules such as proteins are found in polysaccharide-K (Figure 2) [3].

Basically D-glucose units are the common forms of β-glucans and mostly they are binding 
with β-1,3 links. The β-glucans of mushroom, yeast or other fungi contains 1–6 side branches 
(Figure 3), while cereal β-glucans contain β-1,4 and β-1,3 backbone bonds.

Figure 2. Side-chains of β-glucan with protein in polysaccharide-K. Polysaccharide-K (Krestin, PSK) is a protein-bound 
polysaccharide purified from the fruiting body of Coriolus versicolor. PSK predominantly consists of a beta-glucan β-1,4 
main chain with β-1,3 and β-1,6 side chains. The molecular weight of PSK is 100,000 Da, its approximately 25% tightly 
bound protein is reported at the β-1,6 side chain.

Figure 1. Six-sided D-glucose rings connected linearly at varying carbon positions. When the ▬OH group at C1 direct 
45° toward C3 at another molecule glucose to have glycosidic bond β(1→3) and the continuing linkage forming the larger 
polymer.

Fractionation40

In short, there are many possible branches of different types of monosaccharides with glyco-
sidic linkages. This scenario is closely associated with molecular weight of the polysaccharide.

Presently the effects of mushroom polysaccharides have been studied intensively which 
consist of antioxidant [4], anti-inflammation [5], anti-hyperglycemia [6], anti-tumor [7] and 
immunostimulation [8]. Nevertheless the process of discovery of new polysaccharides is still 
on-going. Moreover, research revealed that the chemical characteristics of the constituents 
of the mushroom polysaccharides, such as molecular weight, molecular structure, solubility 
in water, the location, length and frequency of the side-chains have a correlative relation-
ship with the function of polysaccharides [9]. The issue of types of isolated polysaccharides 
have received considerable critical attention on the step of the process of extraction especially 
fractionation. Fractionation has a pivotal role in the intermediate stage between extraction 
and isolation. Polysaccharides fractionation is essential for a wide range of technologies for 
separation process including certain quantity of a crude polysaccharides. The crude will be 
continuously separated into smaller quantities with diverse compositions.

2. Polysaccharides of selected species, Ganoderma lucidum

Ganoderma lucidum is one of the popular medicinal mushrooms. It belongs to the basidiomyce-
tous and assigned to the family Polyporaceae. It has been used in Chinese traditional medicine 
for more than 4000 years [10]. This fungus with long medicinal history has been studied inten-
sively. Typically such studies included its genetic profiles, chemical composition, multiple 
physiological testing, toxicology and clinical trials. The bioactive compounds especially the 
polysaccharides of this mushroom generate much attention due to its host dependent action 
[11] and involving immune stimulation system [12].

Polysaccharides of G. lucidum have been studied and are found typically to contain the pure 
polysaccharides, but some are also binding with proteins or peptides. It was previously reported 
that the molecular weight of these polysaccharides varied widely, e.g., a polysaccharide peptide 

Figure 3. Structure of backbone β-1,3-glucan with β-1,6 branching. n is the alphabet numbers.
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Figure 3. Structure of backbone β-1,3-glucan with β-1,6 branching. n is the alphabet numbers.
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with a molecular weight of 584,900 Da was isolated from a hot water extract of wood-cultured 
G. lucidum by Cao et al. [13]. It was found to contain more than 40% β-D-glucan. Another report 
by You et al. showed a type of polysaccharide peptide extracted from the same species with an 
average molecular weight of 513,000 Da. It contains 16 kinds of amino acids [14]. Most of the poly-
saccharides extracted and bonded with protein had high molecular weight and played a specific 
function related to immune stimulation system. It was reported by Giavasis [15] and Ho et al. [16] 
that bioactive polysaccharides which are higher in molecular weight have been shown to exhibit 
significant antitumor properties, immunomodulatory activity, antioxidant activity, and neuro-
protection. A series of fractionation has been conducted with the purpose of studying this little 
known fungus using advanced technology. A pure G. lucidum polysaccharide labeled as GLP-1-1 
was isolated from a culture broth with molecular weight of 22,014 Da [17]. Its monosaccharide 
content contained glucose, mannose, and galactose with molar percentages of 92.33, 7.55, and 
0.22%, respectively. A water-soluble polysaccharide [18] extracted from the spores of G. lucidum, 
subsequently went through water extraction and sequential alcohol precipitating method and 
purified by anion-exchange and gel filtration chromatography. It was eluted as a single and sym-
metrical sharp peak corresponding to an average molecular weight of 8000 Da as determined 
by high performance gel permeation chromatography. Sugar compositional analysis showed 
that it is only composed of D-glucose. Wang et al. [19] used a native G. lucidum polysaccharide in 
a linear, water-insoluble β-D-(1→3)-glucan to prepare sulfated polysaccharides. The molecular 
weight of G. lucidum polysaccharide was 133,000 Da. In addition, another water-soluble neu-
tral polysaccharide was isolated from the fruiting bodies of G. lucidum by DEAE Sepharose Fast 
Flow and Sephacryl S-500 High Resolution Chromatography [20]. GC analysis showed that this 
polysaccharide was mainly composed of glucose and galactose in the molar ratio of 34:1 and its 
average molecular weight was approximately 2,500,000 Da. Contradictorily, there are two low-
molecular weight of glucan purified from a crude G. lucidum polysaccharide preparation [21]. 
Their physiochemical properties marked a glucan with 5200 Da and another glucan with molec-
ular weight 15,400 Da. The later was composed of glucose, galactose and mannose in a ratio of 
29:1.8:1.0. This wide range of molecular weight of G. lucidum polysaccharides apparently clearly 
indicated that they are still abundant polysaccharides of G. lucidum yet to be discovered.

The molecular structure of G. lucidum polysaccharides which is associated closely with glycosidase 
linkage is another factor vitally influencing the bioactivities. The types of monosaccharide used to 
be the backbone play an important role as skeleton to support the other types monosaccharide as 
branches. Actually, it is a complex polymer upon which the different types of monosaccharides 
were involved plus the different position of carbon binding. For example, two peptidoglycans 
named Ganoderan B and C isolated from the fruiting body of G. lucidum, were shown to exhibit 
hypoglycemic efficacy with molecular weight 7400 and 5800 Da [22]. Chemical and physicochem-
ical studies demonstrated that the backbone of ganoderan B contain D-glucopyranosyl β-1→3 
and side chains with β-1→6 linkages. The backbone of Ganoderan C contains glucopyranosyl 
β-l→3 and side chains with β-1→6 linkages and a D-galactopyranosyl β-1→6 linkage.

3. Review of available G. lucidum polysaccharides extraction and 
fractionation methodology

Mushroom polysaccharides are present as structural components of fungal cell wall which 
is composed of two major types of polysaccharides. They are divided into a rigid fibrillar of 
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cellulose and a matrix-like glycoprotein, α-glucan or β-glucan [23]. Selection of mushroom 
polysaccharides extraction method normally relies on the cell wall structure. A reliable pro-
cedure for successful extraction of polysaccharides from either cultivar mycelia or fruiting 
body has been developed [24]. The extraction method commonly involves 80% ethanol for 
elimination of low molecular substances from mushroom material, followed by 3–5 successive 
repeating extractions with water (100°C, 2–4 h). The alternative choice is 5% sodium hydroxide 
(80°C, 6 h) or 2% ammonium oxalate (100°C, 6 h). In fact, the hot water extraction yields water-
soluble polysaccharides, while the extraction with alkali solution is the best method to produce 
water-insoluble polysaccharides. Although various types of extraction method can be applied 
depending on the structure and water-solubility of polysaccharides, however, it is important 
to rupture the hard cell wall from the outer layer to the inner layer with weak-to-strong extrac-
tion conditions (pH and temperature). A combination of techniques should be chosen for 
further extraction of polysaccharides, normally ethanol precipitation will be the first choice 
as it excludes the impurities from the extracted polysaccharides. Other techniques included 
fractionation precipitation [20], acidic precipitation with acetic acid [21], ion-exchange chroma-
tography [22], gel filtration [23] and affinity chromatography [24].

Comparing to the ancient era, definitely today’s new technology is enhancing the yields of the 
extraction. A lot of new polysaccharides of G. lucidum have been discovered and reported to 
possess certain level of therapeutic efficacy [25, 26]. However, the method of polysaccharides 
extractions of this mushroom including the fractionation performed by the researchers are 
not standardized. Numerous methods resulted in the extraction of incorrect polysaccharides 
especially when using the hot water extraction method. The objective of this review paper 
is to discuss several polysaccharides extraction methods and verify these methods which 
include fractionation on the selected mushroom, G. lucidum.

3.1. Extraction and fractionation of a novel water-soluble β-D-glucan from the 
spores of G. lucidum using ethanol precipitation

Analysis was based on the conceptual framework proposed in five papers authored by Bao 
et al. from 2000 to 2002 [27] (please refer to Figure 4). The subject model was the spore of 
G. lucidum which was sporoderm-broken. With reference to the paper by Bao et al. [28], a 
novel water-soluble β-D-glucan was discovered after 10 years of study. Most of the steps of 
the extraction and fractionation were similar except that several procedures were modified 
in order to obtain better results. This illustrated that older methods could still work well and 
these methods could give rise to more effective methods that could lead to new discoveries.

Normally 95% ethanol is added at the beginning of extraction to remove the lipids especially after 
the sporoderm of the spores were broken. The exposure to the environment actually escalated 
the oxidation of the content of spores. Two types of spores breaking mechanisms are applicable 
nowadays. The traditional way, i.e., via mechanical vibration grinding resulted in the bioactive 
ingredients and unsaturated oil being directly exposed to the air, while the Supersonic Airflow 
Pulverizer would only break the outside hard chitinous layer and keep the inner covering layer 
complete [29]. The methodology in this study did not mention the types of spores breaking 
mechanism and storage period of sporoderm-broken spores before starting the extraction.

The defatted step, conducted twice, 5 days duration in each, would remove maximum lipid con-
tents. After centrifugation, the residues, with most of the ethanol content being removed, have 
to be air-dried to ensure complete ethanol free. The hot water extraction is particularly useful to 
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extractions of this mushroom including the fractionation performed by the researchers are 
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especially when using the hot water extraction method. The objective of this review paper 
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include fractionation on the selected mushroom, G. lucidum.
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the oxidation of the content of spores. Two types of spores breaking mechanisms are applicable 
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Figure 4. Flowchart of extraction, fractionation and isolation methodology of polysaccharides from Ganoderma lucidum 
spores.
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extract water-soluble polysaccharides in the mushroom. Six replicates of extraction with boil-
ing water with interval of 4 h each would allow the changing of new batch of hot water. This 
suggested that the bigger spin probe provided at the center of the container with appropriate 
speed would reduce the bubbles and increase the volume of spores with water. The extraction 
of substances with OH group under power of polarity of water and temperature could ensure 
the effective extraction of reishi spores polysaccharides. Therefore the accumulated 60 L of hot 
water filtrate needs to be centrifuged until 1 L of concentrated filtrate is obtained for further 
processing.

For this study, 15% of trichloroacetic acid (TCA) was used to procure protein precipitation 
reaction [30]. In fact, most of the protein components have been denatured during boiling. 
Continuously added TCA eliminated components that interrupted the polysaccharide puri-
fication process. The next step was dialysis of the supernatant with 1 M of sodium hydrox-
ide aimed to neutralize the TCA. The dialysis was completed after 2 days under running 
water. However, Bao et al. [28] reported using 3 days of running water followed by 1 day 
of distilled water to remove components with molecular weight of 3000 Da. Later the con-
centrated retentate was stirred slowly and 95% ethanol was added at low temperature to 
promote polysaccharides precipitation. After centrifugation the precipitate was washed with 
two solvents before being dried in vacuum. Compared to previous study [28], the precipitate 
obtained was dissolved in water at room temperature, 0.5 L of ethanol was added and another 
round of centrifugation was conducted. The resulting brownish crude product was the key 
component used for further fractionation. The packed column with DEAE-cellulose (diethyl-
aminoethyl) was used in anion-exchange chromatography. It achieves separation by using 
positively charged ion exchange matrix with an affinity for molecules having net negative 
surface charges [31]. The elution by using water and various affinity salts would be adequate 
to dissolve the polysaccharide components which are retained in the matrix. The fractions col-
lected in tube were colorless, and the best determination method was the phenol-sulfuric acid 
method [32], since the yellowish end product could be used for the calibration graph based 
on absorbance at 490 nm versus number of fractions. The peak determined from the graph 
could be used to determine combination of fractions for further purification. Thus sephacyl-S-
200HR [33] is used as size exclusion ordinal isolating each different polysaccharides based on 
their molecular weight. In this case, the compound labeled as GLSA50-1B was chosen for the 
characterization as a novel β-D-glucan.

The key aspect of this experiment was isolation of the pure polysaccharides and not total 
carbohydrates. Hence the definition of polysaccharide needs to be fully understood. There 
was confusion on the nature of polysaccharides when the experiment was terminated at the 
time when only accumulated filtrates were obtained after a few rounds of hot water extrac-
tions. The claim that polysaccharide could not be substantiated, when steps included protein-
precipitation, dialysis, ion-exchange chromatography and size exclusion, were ignored. The 
center concept of polysaccharide is that it consists of the skeleton of the sugar backbone struc-
ture, the glycosidase linkage of branches, and specific rotation to indicate the configuration. 
The result of this study provided further support of new and significant new polysaccharides 
from mushroom spores.
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3.2. Extraction and fractionation of G. lucidum polysaccharide from the mycelia of 
G. lucidum using agitation and filtration

The topic has mentioned “polysaccharides” which implied many types of polysaccharides. 
and this was frequently attributed to hot water extraction of mushroom resources [34] (please 
refer to Figure 5). The methodology described seems short and insufficient to determine the 
major characteristics of polysaccharides. To date, studies investigating G. lucidum polysac-
charides have produced equivocal results that contributed to misunderstanding of polysac-
charides. Firstly, when the extraction steps were carried out using hot water extraction and 
terminated after precipitation with 95% ethanol, most of the claimed polysaccharides (labeled 
as GLP) comprised total carbohydrates. In addition, majority of the polar compounds with 
plenty of –OH groups could possibly have been evacuated from the matrix. The experiment 
was unable to encompass the entire full scope of detailed molecular level of specific poly-
saccharides. Secondly the composition of GLP included alduronic acid (19.27%) and protein 
(5.39%). This scenario directly indicated the GLP content was not purely polysaccharides. The 
objectives of this study focused on efficacy of GLP treatment in plasma insulin concentration 
and gut microbiota composition in mice. There is notable paucity of empirical research focus-
ing especially on polysaccharide.

The extraction started with pulverized G. lucidum mycelia with water. The process was 
repeated twice and the mixture was agitated for 4 h at 70–80°C. Comparing the common 
hot water extraction which provided 100°C of boiling water, it can be seen that the reduced 
temperature used was to avoid the formation of bubbles. The agitation was accomplished by 
continued shaking for 4 h. These mechanical activities are adjustable to ensure the extraction 
would be maximum. However, there is no mention on the speed of shaking in the experiment 
and the condition of the mycelia.

A variety of perspectives were expressed at the end of study. The striking result to emerge from 
the data was the positive and significance of GLP treatment. However, this finding cannot be 
extrapolated to determine the effectiveness of polysaccharides due to the impurity of GLP.

3.3. Extraction and fractionation of G. lucidum polysaccharides F31 from the fruiting 
body of G. lucidum using absolute ethanol at 4°C

Comparing with the common hot water extraction, this study applied 80°C instead of 100°C 
water [35] (please refer to Figure 6). Recent trends using temperature lower than 100°C have 
led to the preservation of protein content and elimination of bubble forming. One of the great-
est challenges is the extraction of the polysaccharides with hot water, concurrently preventing 
the denaturation of the protein content. Typically, when the temperature is above 41°C, the 
protein will probably be melted but most of the peptides maintain their primary structures. 
Questions have been raised about the degree of denaturation of protein at temperature below 
80°C compared to 100°C. Eventually the secondary and tertiary structures of protein will be 
destroyed under higher temperature. Heat could be a contributing factor for the production 
of end products during the process of water extraction. In this case, protein analysis had been 
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Figure 5. Flowchart of extraction, fractionation methodology of polysaccharides from Ganoderma lucidum mycelia.
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Figure 5. Flowchart of extraction, fractionation methodology of polysaccharides from Ganoderma lucidum mycelia.
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carried on during the process of extraction. Despite the fact that the main objective of the 
study was to accentuate the polysaccharides extraction, certain conditions were required to 
determine of protein or peptide content.

After the precipitation of GLPs by DEAE-sepharose Fast Flow, fractionation was conducted 
using affinity chromatography. The fractionation has been applied intensively with the pur-
pose of obtaining single pure compound. The subsequent usage of Sephacryl-S-300 resin [36] 
as high resolution size exclusion chromatography allows rapid and reproducible purifica-
tion of polysaccharides, proteins and other macromolecules. In this study, this resin puri-
fied the polysaccharides with fractionation range of globular polysaccharides size 1 × 104 to 
1.5 × 106 Da.

The results showed that P31 has been successfully fractionated and characterized with subse-
quent determination of molecular weight. The different techniques of analytical results indi-
cated that P31 is a pure compound. Thus, this study showed an example of obtaining pure 
polysaccharides for bioassay guided test.

Figure 6. Flowchart of extraction, fractionation and isolation methodology of polysaccharides from Ganoderma lucidum 
fruiting body. The gel DEAE Sepharose Fast Flow and Sephacryl S-300 were the main tools to obtain the pure polysaccharides.
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3.4. Extraction and fractionation of high molecular weight bioactive-β-glucan from 
the fruiting body of G. lucidum using centrifugation and high performance anion 
exchange chromatography

Previous studies have reported that the fractionation for polysaccharides from mushroom 
sample normally started with hot water extraction [37] (please refer to Figure 7). This initial 
step, albeit old, ensures the polysaccharides are the main compounds obtained at the end of 
the extraction. The function of polysaccharide is largely based upon empirical studies that 
demonstrated a strong and consistent association with immune system of host.

Similar procedure of hot water extraction was used on dried dark brownish powder form 
of fruiting body and freeze-dried white powder (labeled GLP20 in this paper), compared to 
procedure for mycelia and spores. The minor differences of the temperature, duration of hot 
water extraction, speed and time of centrifugation and volume of ethanol could be due to the 
larger sample of volume being used.

The fractionation of GLP20 started when 2 M trifluoroacetic acid (TFA) was added at 110°C 
for 3 h. This colorless strong acid has a higher acid ionization constant compared to acetic acid 
and trichloroacetic acid, due to the fluorine atom exerting the inductive effect that strategi-
cally stabilizes the CO2− charge of the carboxylic anion more than the other corresponding 
acids [38, 39]. Therefore the glycosidic linkage of GLP20 was broken down and hydrolyzed to 
monosaccharides composition. One possible implication of this is the separation of the sugar 
units of the polysaccharide as its large molecular structure, and later the determination of the 
monosaccharides which can be done with analytical column. However, another issue has to 
be considered. GLP20 was the product of the precipitation by ethanol. In this study, open col-
umn for further purification of GLP20 was not used, despite the fact that references were cited 
in the section of results on the purification by columns such as DEAE cellulose chromatogra-
phy and Sephadex series size exclusion chromatography. The authors commented that this 
process was tedious and the yield of purified polysaccharides was low. The present studies 
yielded 0.37% (w/w) GLP20 on the basis of the dry weight of fruiting bodies. The mean 5.55 g 
of GLP20 was obtained by using 1500 g fruiting body of G. lucidum. If each batch of analysis 
needed 2 mg of GLP20, a total of 2775 times of analysis can be conducted.

The present study was over-reliance on self-initiated methodology. The advantages of using 
a series of chromatography for isolation at the final stage of fractionation are for the purpose 
of maximizing the purification. The use of 20% ethanol precipitation was supposed to pre-
cipitate all substrates with ▬OH group. Even at the higher % of ethanol applied, there are 
increasing precipitation of substrates including polysaccharides.

The degree of purification of GLP20 was uncertainly proven. Thus the content of monosac-
charides reported later did not appear to support the assumption of single polysaccharide 
obtained from this extraction, since the process of hydrolysis was not specific to determine 
the bonding of each sugar component. Generally, hydrolysis or saccharification is a step in the 
degradation of a polysaccharide substance. The cleavage of H▬O bond reaction of cation and 
anion or both with water molecule takes place due to pH conditions [40]. It is possible that 
these reports were influenced by lack of information on glycosidic linkages. The final analysis 
step included total protein test.
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carried on during the process of extraction. Despite the fact that the main objective of the 
study was to accentuate the polysaccharides extraction, certain conditions were required to 
determine of protein or peptide content.

After the precipitation of GLPs by DEAE-sepharose Fast Flow, fractionation was conducted 
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pose of obtaining single pure compound. The subsequent usage of Sephacryl-S-300 resin [36] 
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cated that P31 is a pure compound. Thus, this study showed an example of obtaining pure 
polysaccharides for bioassay guided test.

Figure 6. Flowchart of extraction, fractionation and isolation methodology of polysaccharides from Ganoderma lucidum 
fruiting body. The gel DEAE Sepharose Fast Flow and Sephacryl S-300 were the main tools to obtain the pure polysaccharides.
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a series of chromatography for isolation at the final stage of fractionation are for the purpose 
of maximizing the purification. The use of 20% ethanol precipitation was supposed to pre-
cipitate all substrates with ▬OH group. Even at the higher % of ethanol applied, there are 
increasing precipitation of substrates including polysaccharides.

The degree of purification of GLP20 was uncertainly proven. Thus the content of monosac-
charides reported later did not appear to support the assumption of single polysaccharide 
obtained from this extraction, since the process of hydrolysis was not specific to determine 
the bonding of each sugar component. Generally, hydrolysis or saccharification is a step in the 
degradation of a polysaccharide substance. The cleavage of H▬O bond reaction of cation and 
anion or both with water molecule takes place due to pH conditions [40]. It is possible that 
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Figure 7. Flowchart of extraction, fractionation and isolation methodology of polysaccharides from Ganoderma lucidum 
fruiting body.
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3.5. Extraction and fractionation of mushroom polysaccharides from the mycelia 
and fruiting body (dried of G. lucidum and Poria cocos using soxhlet extractor and 
anthrone sulfate)

Two types of mushroom have been used [41] (please refer to Figure 8). They were G. lucidum 
and Poria cocos. The methodology used was similarly applied on both mushrooms. Sample 
mushrooms were in the form of mycelia and fruiting body, respectively. In other words, the 
method aimed to produce total polysaccharide as mentioned in the article and there was no 
specific technique to produce targeted polysaccharide from either mycelia or fruiting body. 
There was no indication whether the samples were in fresh or dried condition, and it was 
assumed that 2 g of dried powder sample plus 90 mL of distilled water processed in soxhlet 
extractor. The final concentrated extract after distillation for few hours was diluted with dis-
tilled water. This step is important because the final reading of absorbance at 625 nm is lim-
ited at 3. When 10% volume of diluted soxhlet extract was added with ethanol, it was possible 
that the micro-molecules that existed during the soxhlet heating were eliminated. Hence the 
next step of chilling at 4°C provided ample time for the suspension of the unwanted debris. 
The speed and duration of centrifugation were commonly applied to most of precipitate. 
After separation, the precipitate still needs to be diluted for determination of carbohydrate 
by the anthrone method. The principle of anthrone method is that dehydrated carbohydrates 
in various form included monosaccharides, disaccharides, starch, gums, glycosides, dextrins 
and definite polysaccharides during the process will condense with anthrone to form a green 
color complex which can be measured colorimetrically at 625 nm.

This soxhlet extraction method is one of the practical ways to exclude types of carbohydrate from 
the mushroom. Therefore, the polysaccharides mentioned in the chapter would refer to various 
forms of carbohydrates which included polysaccharides as one of them. The result and conclu-
sion has positively quoted the significance of said production of polysaccharides potentially 
acting as prebiotics by manipulating gut microbiota composition. It was decided that the best 
method to adopt for this investigation was to provide a platform for beneficial bacteria associated 
with polysaccharides treatment, making these polysaccharides candidate prebiotics. However, 
there was a lack of result specifically on types of polysaccharides from both basidiomycetes.

3.6. Extraction and fractionation of three kinds of G. lucidum polysaccharides from 
the fermentation broth, mycelia, fruiting body using open column with resin 
DEAE-Sephadex A-25 and Sepharose 6B

Three different life stages of G. lucidum were involved in this study [42] (please refer to Figure 9). 
Since it takes around 3 months for cultivation of G. lucidum fruiting body, the mycelia-based 
and broth-based products have assumed extraordinary importance because of the require-
ment for heightened quality-control and year-round production [43]. The processes and the 
different types of growth parameters including temperature and pH concerned in submerged 
mycelial medium, are simple to be standardized under controlled circumstances. In addition, 
the purification and other succeeding processing of active components such as polysaccharides 
excreted into the culture medium normally involve relatively simple procedures. The cultivation 
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mushrooms were in the form of mycelia and fruiting body, respectively. In other words, the 
method aimed to produce total polysaccharide as mentioned in the article and there was no 
specific technique to produce targeted polysaccharide from either mycelia or fruiting body. 
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extractor. The final concentrated extract after distillation for few hours was diluted with dis-
tilled water. This step is important because the final reading of absorbance at 625 nm is lim-
ited at 3. When 10% volume of diluted soxhlet extract was added with ethanol, it was possible 
that the micro-molecules that existed during the soxhlet heating were eliminated. Hence the 
next step of chilling at 4°C provided ample time for the suspension of the unwanted debris. 
The speed and duration of centrifugation were commonly applied to most of precipitate. 
After separation, the precipitate still needs to be diluted for determination of carbohydrate 
by the anthrone method. The principle of anthrone method is that dehydrated carbohydrates 
in various form included monosaccharides, disaccharides, starch, gums, glycosides, dextrins 
and definite polysaccharides during the process will condense with anthrone to form a green 
color complex which can be measured colorimetrically at 625 nm.

This soxhlet extraction method is one of the practical ways to exclude types of carbohydrate from 
the mushroom. Therefore, the polysaccharides mentioned in the chapter would refer to various 
forms of carbohydrates which included polysaccharides as one of them. The result and conclu-
sion has positively quoted the significance of said production of polysaccharides potentially 
acting as prebiotics by manipulating gut microbiota composition. It was decided that the best 
method to adopt for this investigation was to provide a platform for beneficial bacteria associated 
with polysaccharides treatment, making these polysaccharides candidate prebiotics. However, 
there was a lack of result specifically on types of polysaccharides from both basidiomycetes.

3.6. Extraction and fractionation of three kinds of G. lucidum polysaccharides from 
the fermentation broth, mycelia, fruiting body using open column with resin 
DEAE-Sephadex A-25 and Sepharose 6B

Three different life stages of G. lucidum were involved in this study [42] (please refer to Figure 9). 
Since it takes around 3 months for cultivation of G. lucidum fruiting body, the mycelia-based 
and broth-based products have assumed extraordinary importance because of the require-
ment for heightened quality-control and year-round production [43]. The processes and the 
different types of growth parameters including temperature and pH concerned in submerged 
mycelial medium, are simple to be standardized under controlled circumstances. In addition, 
the purification and other succeeding processing of active components such as polysaccharides 
excreted into the culture medium normally involve relatively simple procedures. The cultivation 
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Figure 8. Flowchart of extraction, fractionation methodology of polysaccharides from Ganoderma lucidum and Poria cocos, 
fruiting body and mycelia.
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Figure 9. Flowchart of extraction, fractionation and isolation methodologies of polysaccharides from Ganoderma lucidum 
fermentation broth, mycelia and fruiting body.
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Figure 8. Flowchart of extraction, fractionation methodology of polysaccharides from Ganoderma lucidum and Poria cocos, 
fruiting body and mycelia.
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Figure 9. Flowchart of extraction, fractionation and isolation methodologies of polysaccharides from Ganoderma lucidum 
fermentation broth, mycelia and fruiting body.
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environment and the ingredient of medium have also been reported to strongly impact the 
growth of mycelia and the production of exopolysaccharides [44]. A report by Yang and Liau 
[45] noted that production of G. lucidum polysaccharides by fermenter-grown mycelia cultivar 
was optimum at pH of 4–4.5 and temperature 30–35°C. Acceleration of mycelial growth and 
bioactive components could be produced by addition of supplements such as fatty acids.

Three types of dissimilar pre-treat ways were applied on the different life stages of mushroom 
before the hot water extraction. An investigation of the non-volatile composition of G. lucidum 
[46] reported that the mushroom contains 59% crude fiber, 26–28% carbohydrate, 7–8% crude 
protein, 3–5% crude fat and 1.8% ash. Nonetheless, a wide variety of bioactive molecules are 
also found in G. lucidum which include terpenoids, phenols, nucleotides and their deriva-
tives, steroids, glycoproteins and polysaccharides. G. lucidum proteins contain most of the 
essential amino acids and are especially affluent in leucine and lysine. The fermentation broth 
contained media, mycelia and spores. After concentration, the volume of liquid was reduced. 
Addition of Sevag’s reagent for the purpose of deproteinization could eliminate the protein 
ingredient in the mixture. Xia Li et al. [47] proposed an explanatory theory of the advantage of 
using Sevag’s reagent. With regards to deproteinization rate and polysaccharide residual rate, 
the process of optimization, was based on the following parameters: deproteinization fre-
quency (example: 4 times), time of oscillating (example: 11 min), the volume ratio of sample 
to Sevag’s reagent (2:1), and the volume ratio of chloroform to n-butanol (5:1), The resulting 
deproteinization rate was 64.2%, the polysaccharide loss rate was 34.3%, and the purity of 
polysaccharide was raised by about 2.8 times. Compared to other stage of cultivation, mycelia 
of G. lucidum were treated simply and without any step of deproteination and removal of 
fatty substances. One of the reasons for these could be that at the initial stage of mycelial mat 
forming, little protein was available. Excluding the step of deproteination allowed the hot 
water extraction at 70°C to be conducted directly and shorten the time for processing polysac-
charides. Similarly, deproteination for fruiting body powder is also not required. Instead, 
petroleum ether is used to remove fatty and fat-soluble substances. The high proportion of 
polyunsaturated fatty acids and low total fat content relative to the total fatty acids of G. 
lucidum are considered significant contributors to the heath value of G. lucidum. [48]. The 
residues accumulated after the defatted step would allow the hot water extraction to proceed.

In this case, the main concern at the end of experiment was isolation of polysaccharides. As in 
other studies, from the accumulated filtrates of several replicates of hot water extraction, the 
precipitate treated by addition of ethanol and freeze-dried would contain crude polysaccha-
rides, indicating that several types of polysaccharides are found in the crude. The subsequent 
step in this study was the application of DEAE-Sephadex A-25 column as anion exchange 
chromatography intended for the further separation of each type of crude polysaccharides. 
According to the data file of ion exchange [49], Sephadex ion exchangers are derived from 
either Sephadex G-50 or Sephadex G-25. The G-50 matrix is less highly cross-linked than the 
G-25. Ion-exchangers based on Sephadex-50 have less rigidity and thus swell more than those 
based on G-25, which are more rigid. These properties mean that A-50 and C-50 types are bet-
ter suited to larger biomolecules, such as polysaccharides or proteins in the molecular weight 
range of 30,000–100,000 MW, whereas A-25 and C-25 type ion exchangers are a better choice 
for small molecules up to about 30,000 MW.

Fractionation54

In this stage of fractionation, Sephadex A-25 was used instead of A-50 and followed by another 
stage of fractionation with Sepharose 6B. Hence, most of the molecules more than 30,000 MW 
could pass through. In order to completely isolate the polysaccharides, the main fraction of 
each stage of G. lucidum was successfully eluted with 50 mM Tris-HCl buffer.

The excellent results presented in this study illustrated the effective methodology for purifica-
tion of polysaccharides from G. lucidum using three different life stages. The dissimilar way 
of pre-treating the sample in the beginning has potentially separated all the polysaccharides. 
The results clearly showed each main isolated polysaccharide contained different total sugar 
content, monosaccharides composition, molecular weight and the bioactivity. This study had 
successfully isolated the main polysaccharides from fermentation broth, mycelia and fruiting 
body of G. lucidum.

4. Fractionation and its application in the extraction of 
polysaccharides from the mushroom species, G. lucidum

The discovery of new polysaccharides from G. lucidum has long been a research of great 
interest in a wide range of field. Bao et al. [50] reported six different functionalized deriva-
tives of the (1→3)–α-D-glucan which were isolated from the spores of G. lucidum. The process 
included aminopropylated, sulfated, carboxymethylated, carboxymethylated and sulfated, 
and benzylamidated-carboxymethylated with varying degrees of substitution synthesized. 
These modified derivatives have shown potent stimulating effects on the lymphocyte prolif-
eration and antibody production. On the other hand, the induction of carboxymethyl group 
with low degree of substitution was the best choice for the improvement of the immunos-
timulating activity. A one-step to prepared selenium nanoparticles (SeNPs) decorated by the 
water–soluble derivative of G. lucidum polysaccharides (SPS) was tested on their anti-inflam-
matory activity against murine RAW264.7 macrophage cells induced by lipopolysaccharides 
[51]. The results suggested that seNPs-SPS complexes possessed anti-inflammatory potential 
modulating pro/anti-inflammation cytokine secretion profiles. The isolated polysaccharide 
(molecular weight 1×106 Da) isolated from the sporocarps of G. lucidum was used to deter-
mined radioprotective property in vivo and in vitro by survival studies [52]. The findings 
indicated Ganoderma polysaccharides were significantly protective against radiation-induced 
damages. Another study showed positive effect of polysaccharides extracted from G. lucidum 
on blood glucose, serum level, lipid peroxidation, nonenzymaic and enzymic antioxidants in 
the plasma and liver of streptozotocin-induced diabetic rats [53]. The neutral crude polysac-
charides extracted from G. lucidum fruiting body claimed by Chen et al. [54] exhibited the 
higher DPPH-, O- and OH- free radical scavenging activities. It could significantly enhance 
the antioxidant enzyme activities (SOD, CAT and GPx) and reduce levels of IL-1β, IL-6 
and TNF-α in rats with cervical cancer. Two fractions purified from the fruiting body of G. 
lucidum were tested on activation of macrophage cell (RAW 264.7) and antitumor activities 
on the human breast cancer cell (MDA-MB-231) [55]. The results indicated that both fractions 
increased the proliferation and pinocytic activity of macrophage significantly and played an 
inhibiting effect on the cancer cell.
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polyunsaturated fatty acids and low total fat content relative to the total fatty acids of G. 
lucidum are considered significant contributors to the heath value of G. lucidum. [48]. The 
residues accumulated after the defatted step would allow the hot water extraction to proceed.

In this case, the main concern at the end of experiment was isolation of polysaccharides. As in 
other studies, from the accumulated filtrates of several replicates of hot water extraction, the 
precipitate treated by addition of ethanol and freeze-dried would contain crude polysaccha-
rides, indicating that several types of polysaccharides are found in the crude. The subsequent 
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chromatography intended for the further separation of each type of crude polysaccharides. 
According to the data file of ion exchange [49], Sephadex ion exchangers are derived from 
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In this stage of fractionation, Sephadex A-25 was used instead of A-50 and followed by another 
stage of fractionation with Sepharose 6B. Hence, most of the molecules more than 30,000 MW 
could pass through. In order to completely isolate the polysaccharides, the main fraction of 
each stage of G. lucidum was successfully eluted with 50 mM Tris-HCl buffer.

The excellent results presented in this study illustrated the effective methodology for purifica-
tion of polysaccharides from G. lucidum using three different life stages. The dissimilar way 
of pre-treating the sample in the beginning has potentially separated all the polysaccharides. 
The results clearly showed each main isolated polysaccharide contained different total sugar 
content, monosaccharides composition, molecular weight and the bioactivity. This study had 
successfully isolated the main polysaccharides from fermentation broth, mycelia and fruiting 
body of G. lucidum.

4. Fractionation and its application in the extraction of 
polysaccharides from the mushroom species, G. lucidum

The discovery of new polysaccharides from G. lucidum has long been a research of great 
interest in a wide range of field. Bao et al. [50] reported six different functionalized deriva-
tives of the (1→3)–α-D-glucan which were isolated from the spores of G. lucidum. The process 
included aminopropylated, sulfated, carboxymethylated, carboxymethylated and sulfated, 
and benzylamidated-carboxymethylated with varying degrees of substitution synthesized. 
These modified derivatives have shown potent stimulating effects on the lymphocyte prolif-
eration and antibody production. On the other hand, the induction of carboxymethyl group 
with low degree of substitution was the best choice for the improvement of the immunos-
timulating activity. A one-step to prepared selenium nanoparticles (SeNPs) decorated by the 
water–soluble derivative of G. lucidum polysaccharides (SPS) was tested on their anti-inflam-
matory activity against murine RAW264.7 macrophage cells induced by lipopolysaccharides 
[51]. The results suggested that seNPs-SPS complexes possessed anti-inflammatory potential 
modulating pro/anti-inflammation cytokine secretion profiles. The isolated polysaccharide 
(molecular weight 1×106 Da) isolated from the sporocarps of G. lucidum was used to deter-
mined radioprotective property in vivo and in vitro by survival studies [52]. The findings 
indicated Ganoderma polysaccharides were significantly protective against radiation-induced 
damages. Another study showed positive effect of polysaccharides extracted from G. lucidum 
on blood glucose, serum level, lipid peroxidation, nonenzymaic and enzymic antioxidants in 
the plasma and liver of streptozotocin-induced diabetic rats [53]. The neutral crude polysac-
charides extracted from G. lucidum fruiting body claimed by Chen et al. [54] exhibited the 
higher DPPH-, O- and OH- free radical scavenging activities. It could significantly enhance 
the antioxidant enzyme activities (SOD, CAT and GPx) and reduce levels of IL-1β, IL-6 
and TNF-α in rats with cervical cancer. Two fractions purified from the fruiting body of G. 
lucidum were tested on activation of macrophage cell (RAW 264.7) and antitumor activities 
on the human breast cancer cell (MDA-MB-231) [55]. The results indicated that both fractions 
increased the proliferation and pinocytic activity of macrophage significantly and played an 
inhibiting effect on the cancer cell.
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5. Conclusion

The method of G. lucidum polysaccharides extraction and fractionation varied greatly accord-
ing to the objectives of each study. This targeted end products and the yields of polysaccha-
rides extraction normally started with hot water extraction. The temperature applied could 
be lower than boiling point of water in order to preserve the proteins. Such temperature can 
soften some fibers and the water molecules in the liquid phase are easily absorbed by the 
mushroom cells. Therefore, most of the initial steps of polysaccharide extraction need to 
ensure the physical form of resources are pulverized to obtain the maximum effects on the 
samples, since the polysaccharides contain many ▬OH groups which can be easily extracted 
by the water. Although most of the methodology of the G. lucidum polysaccharides extraction 
and fractionation are different they all followed a similar principle, i.e., using ethanol to pre-
cipitate the main polysaccharides. However, at this stage, the extract is still considered crude. 
Some reported studies would terminate at this stage and use the crude for therapy. In fact, the 
extraction should continue to the stage of purification in order to separate the different types 
of polysaccharides in crude. This paper has reviewed six different types of fractionations from 
different media of G. lucidum. All these studies reported positive results in accordance to the 
study objective(s).
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5. Conclusion

The method of G. lucidum polysaccharides extraction and fractionation varied greatly accord-
ing to the objectives of each study. This targeted end products and the yields of polysaccha-
rides extraction normally started with hot water extraction. The temperature applied could 
be lower than boiling point of water in order to preserve the proteins. Such temperature can 
soften some fibers and the water molecules in the liquid phase are easily absorbed by the 
mushroom cells. Therefore, most of the initial steps of polysaccharide extraction need to 
ensure the physical form of resources are pulverized to obtain the maximum effects on the 
samples, since the polysaccharides contain many ▬OH groups which can be easily extracted 
by the water. Although most of the methodology of the G. lucidum polysaccharides extraction 
and fractionation are different they all followed a similar principle, i.e., using ethanol to pre-
cipitate the main polysaccharides. However, at this stage, the extract is still considered crude. 
Some reported studies would terminate at this stage and use the crude for therapy. In fact, the 
extraction should continue to the stage of purification in order to separate the different types 
of polysaccharides in crude. This paper has reviewed six different types of fractionations from 
different media of G. lucidum. All these studies reported positive results in accordance to the 
study objective(s).
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Abstract

In this work, the seeds of açaí (Euterpe oleracea, Mart), a rich lignin-cellulose residue, has 
been submitted to pyrolysis to produce a bio-oil-like fossil fuels. The pyrolysis carried out 
in a reactor of 143 L, 450°C, and 1.0 atm. The morphology of Açaí seeds in nature and after 
pyrolysis is characterized by SEM, EDX, and XRD. The experiments show that bio-oil, 
gas, and coke yields were 4.38, 30.56, and 35.67% (wt.), respectively. The bio-oil character-
ized by AOCS, ASTM, and ABNT/NBR methods for density, kinematic viscosity, and acid 
value. The bio-oil density, viscosity, and acid value were 1.0468 g/cm3, 68.34 mm2/s, and 
70.26 KOH/g, respectively. The chemical composition and chemical functions of bio-oil 
are determined by GC-MS and FT-IR. The GC-MS identified in bio-oil 21.52% (wt.) hydro-
carbons and 78.48% (wt.) oxygenates (4.06% esters, 8.52% carboxylic acids, 3.53% ketones, 
35.16% phenols, 20.52% cresols, 5.75% furans, and 0.91% (wt.) aldehydes), making it pos-
sible to apply fractional distillation to obtain fossil fuel-like fractions rich in hydrocarbons. 
The distillation of bio-oil is carried out in a laboratory-scale column, according to the boil-
ing temperature of fossil fuels. The distillation of bio-oil yielded fossil fuel-like fractions 
(gasoline, kerosene, and light diesel) of 4.70, 28.21, and 22.35% (wt.), respectively.

Keywords: açaí, seeds, pyrolysis, bio-oil, distillation, biofuels

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



[44] Boh B, Berovic M, Zhang J, Zhi-Bin L. Ganoderma lucidum and its pharmaceutically active 
compounds. Biotechnology Annual Review. 2007;13:265-301

[45] Yang FC, Liau CB. The influence of environmental conditions on polysaccharide forma-
tion by Ganoderma lucidum in submerged cultures. Process Biochemistry. 1998;33:547-553

[46] Mau JL, Lin HC, Chen CC. Non-volatile components of several medicinal mushrooms. 
Food Research International. 2001;34:521-526

[47] Li X, Zhao R, Zhou HL, Wu DH. Deproteinization of polysaccharide from the stigma 
maydis by sevag method. Advanced Materials Research. 2012;340:416-420

[48] Borchers AT, Stern JS, Hackman RM, Keen CL, Gershwin ME. Minireview: Mushrooms, 
tumors and immunity. Proceedings of the Society for Experimental Biology and 
Medicine. 1999;221:281-293

[49] http://www.chembio.uoguelph.ca/educmat/chm357/sephadex.pdf

[50] Bao XF, Duan J, Fang X, Fang J. Chemical modifications of the (1→3)-α-D-glucan from 
spores of Ganoderma lucidum and investigation of their physiochemical properties and 
immunological activity. Carbohydrate Research. 2001;336:127-140

[51] Wang J, Zhang Y, Yuan Y, Yue T. Immunomodulatory of selenium nano-particles 
decoreated by sulfated Ganoderma lucidum polysaccharides. Food and Chemical 
Toxicology. 2014;68:183-189

[52] Pillai TG, Nair CKK, Janardhanan KK. Polysaccharides isolated from Ganoderma lucidum 
occurring in southern part of India, protects radiation induced damages both in vitro 
and in vivo. Environmental Toxicology and Pharmacology. 2008;26:80-85

[53] Jia J, Zhang X, Hu Y-S, Wu Y, Wang Q-Z, Li N-N, Guo Q-C, Dong X-C. Evaluation of 
in vivo antioxidant activities ofGanoderma lucidum polysaccharides in STZ-diabetic rats. 
Food Chemistry. 2009;115(1):32-36

[54] Ping CX, Yan C, Bing LS, Guo CY, Yun LJ, Ping LL. Free radical scavenging of Ganoderma 
lucidum polysaccharides and its effect antioxidant enzymes and immunity activities in 
cervical carcinoma rats. Carbohydrate Polymers. 2009;77:389-393

[55] Zhao L, Dong Y, Chen G, Hu Q. Extraction, purification, characterization and antitu-
mor activity of polysaccharides from Ganoderma lucidum. Carbohydrate Polymers. 
2010;80:783-789

Fractionation60

Chapter 4

Fractional Distillation of Bio-Oil Produced by Pyrolysis
of Açaí (Euterpe oleracea) Seeds

Douglas Alberto Rocha de Castro,
Haroldo Jorge da Silva Ribeiro,
Caio Campos Ferreira, Márcio de Andrade Cordeiro,
Lauro Henrique Hamoy Guerreiro,
Anderson M. Pereira, W. G. dos Santos,
Marcelo Costa Santos, Fernanda B. de Carvalho,
Jose Otavio Carrera Silva Junior, R. Lopes e Oliveira,
Sergio Duvoisin, Luiz Eduardo Pizarro Borges and
Nélio Teixeira Machado

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.79546

Provisional chapter

DOI: 10.5772/intechopen.79546

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Fractional Distillation of Bio-Oil Produced by Pyrolysis 
of Açaí (Euterpe oleracea) Seeds

Douglas Alberto Rocha de Castro,  
Haroldo Jorge da Silva Ribeiro,  
Caio Campos Ferreira,  
Márcio de Andrade Cordeiro,  
Lauro Henrique Hamoy Guerreiro, 
Anderson  M. Pereira, W. G. dos Santos,  
Marcelo Costa Santos, Fernanda B. de Carvalho,  
Jose Otavio Carrera Silva Junior, R. Lopes e Oliveira, 
Sergio Duvoisin, Luiz Eduardo Pizarro Borges and 
Nélio Teixeira Machado

Additional information is available at the end of the chapter

Abstract

In this work, the seeds of açaí (Euterpe oleracea, Mart), a rich lignin-cellulose residue, has 
been submitted to pyrolysis to produce a bio-oil-like fossil fuels. The pyrolysis carried out 
in a reactor of 143 L, 450°C, and 1.0 atm. The morphology of Açaí seeds in nature and after 
pyrolysis is characterized by SEM, EDX, and XRD. The experiments show that bio-oil, 
gas, and coke yields were 4.38, 30.56, and 35.67% (wt.), respectively. The bio-oil character-
ized by AOCS, ASTM, and ABNT/NBR methods for density, kinematic viscosity, and acid 
value. The bio-oil density, viscosity, and acid value were 1.0468 g/cm3, 68.34 mm2/s, and 
70.26 KOH/g, respectively. The chemical composition and chemical functions of bio-oil 
are determined by GC-MS and FT-IR. The GC-MS identified in bio-oil 21.52% (wt.) hydro-
carbons and 78.48% (wt.) oxygenates (4.06% esters, 8.52% carboxylic acids, 3.53% ketones, 
35.16% phenols, 20.52% cresols, 5.75% furans, and 0.91% (wt.) aldehydes), making it pos-
sible to apply fractional distillation to obtain fossil fuel-like fractions rich in hydrocarbons. 
The distillation of bio-oil is carried out in a laboratory-scale column, according to the boil-
ing temperature of fossil fuels. The distillation of bio-oil yielded fossil fuel-like fractions 
(gasoline, kerosene, and light diesel) of 4.70, 28.21, and 22.35% (wt.), respectively.
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1. Introduction

During the processing of açaí juice from açaí (Euterpe oleracea, Mart) seeds in nature, a native 
palm of natural occurrence in the Amazon region, belonging to the family Arecaceae and 
compassing approximately 200 genera and about 2600 species, distributed predominantly in 
tropical and subtropical areas [1], a by-product is produced and/or discharged, the açaí seeds, 
posing a huge environmental problem of solid waste management in Belém metropolitan 
region, as well as in the municipalities around the city of Belém-Pará-Brazil.

The State of Pará is the largest national producer of açaí with 1,012,740 ton/year of fruits 
[2], being the production due to extractive 198,149 tons/year of fruits in the crop year 2014 
[3], representing 55.4% (wt.) of the national production of extractive açaí in the crop year 
2014, and the production due to agricultural systems using a planted area of 154,500 hect-
are, was 814,590 tons in the year 2014. Of the total 1,012,740 tons/year of fruits, 8,405,742 
tons/year is a residue (açaí seeds) representing approximately 83% (wt.).

The metropolitan region of Belém-Pará-Brazil, capital the State of Pará, has approximately 
10,000 stores of açaí commercialization, producing an average of 200 kg açaí seeds/day per store, 
thus producing around 2000 tons residue/day [4]. In 2015, there was a growth of 27.35% (wt.) 
in production, 10.86% (wt.) in planted area and 14.88% (wt.) on the specific production yield, 
compared to 2014 [2]. The seed of açaí is an oil-fiber seed, and according to the literature, consti-
tuted by a small solid endosperm attached to a tegument, rich in cellulose with approximately 
53.20% (wt.), hemicelluloses 12.26% (wt.), lignin 22.30% (wt.), as well as 3.50% lipids (wt.) [5–9].

In a scenery, the modern industrial society focuses on minimization of global warming and 
CO2 emission, as well as energy efficient supply systems and less consumption of fossil-based 
fuels. To achieve this, the use of renewable energy resources is essential [10]. In this context, 
processes that minimize the industrial and agro-industrial residues either by reusing or recy-
cling them result in energetic and environmental benefits to the global society. In addition, 
recycling industrial and agro-industrial residues enables to use raw materials of low cost, 
making it possible to increase the economic viability of biofuels’ production [11].

Among the most important renewable energy sources, this biomass is considered as an 
important one, since it could be a suitable alternative for conventional fossil fuels [12]. In 
addition, biomass energy producing systems may be implemented not only close to industrial 
and agro-industrial production systems, but also in any location where vegetable species can 
be grown and/or domestic animals are reared [12]. The systematic use of biomass makes it 
possible to reduce global warming compared to fossil fuel energy systems, as all the veg-
etable species use and store CO2 for the photosynthesis process [13]. CO2 stored in the plant 
is released when the plant material is burned and/or decays [12, 13]. Thus, by replanting the 
crops, the new growing vegetable species can use the CO2 produced by burning vegetable 
species, as in the carbonization processes (e.g., pyrolysis), and hence contributing to close the 
carbon dioxide cycle, as reported in the literature by Kelli et al. [14].

The residual açaí seeds, an oil-fiber seed rich lignin-cellulose material, whose centesimal com-
position reported in the literature is constituted of lipids between 1.65 and 3.56% (wt.), total 
fibers between 29.69 and 62.75% (wt.), hemicellulose between 9.01 and 14.19% (wt.), cellulose 
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between 39.83 and 40.29% (wt.), lignin between 4.00 and 8.93% (wt.), ash between 0.15 and 
1.68% (wt.), moisture between 10.15 and 39.39% (wt.), protein between 5.02 and 7.85% (wt.), 
0.83% (wt.) fixed carbon, and 7.82% (wt.) volatile matter approximately [5–9]. A process that 
makes it possible for the use of açaí seeds, an oil-fiber seed rich lignin-cellulose-based mate-
rial, of low quality for producing liquid and gaseous fuels is pyrolysis [15, 16].

In the last years, several process schemes have been proposed to remove oxygenate com-
pounds from biomass-derived bio-oils, including molecular distillation to separate water and 
carboxylic acids from pyrolysis bio-oils [17–19], fractional distillation to isolate chemicals 
and improve the quality of bio-oil [20–25], liquid-liquid extraction using organic solvents 
and water to recover oxygenate compounds of bio-oils [26, 27]. Non-conventional separation 
methods using aqueous salt solutions for phase separation of bio-oils have been also applied 
[28]. Recently, the bio-oil obtained by pyrolysis of açaí seeds in nature have been upgraded 
by fractional distillation, as described in detail as follows [15, 16]. Guerreiro et al. [15, 16] 
investigated the influence of column height by fractional distillation of bio-oil obtained by 
pyrolysis of açaí seeds at 350°C in pilot scale using Vigreux columns of 10 and 30 cm. The 
yields of gasoline were 6.60 and 7.12% (wt.), while that of kerosene were 11.05 and 12.64 (wt.), 
respectively, for columns of 10 and 30 cm, showing no significant variation. The acid value of 
gasoline-like fraction using Vigreux column of 10 and 30 cm were 17.08 and 16.79 mg KOH/g, 
respectively, while that of kerosene were 62.34 and 59.35 mg KOH/g, respectively, showing 
no significant variation. In addition, the kinematic viscosity of gasoline-like fraction using 
columns of 10 and 30 cm were 1.58 and 1.45 mm2/s, respectively, while that of kerosene were 
4.04 and 3.10 mm2/s, a variation between 8.23 and 23.27% showing that kinematic viscosity is 
more sensitive to the influence of column height, decreasing with column height.

In this work, the pyrolysis of Açaí seeds (Euterpe oleracea, Mart) has been systematically inves-
tigated in pilot scale at 450°C 1.0 atmosphere to produce a bio-oil, a pyrolysis reaction liquid 
product, been submitted to fraction distillation carried out in a laboratory-scale column (Vigreux 
Column) according to the boiling temperature range of fossil fuels to study the feasibility of 
producing fossil fuels like fractions (gasoline, kerosene, and diesel), as well as the morphology 
of solid phase products (coke), of açaí seeds (Euterpe oleracea, Mart) pyrolysis process at 450°C.

2. Materials and methods

2.1. Materials

The seeds of Açaí (Euterpe oleracea, Mart) obtained in a small Store of Açaí Commercialization, 
located in the District of Guamã, Belém-Pará-Brazil. Figure 1 shows the anatomy of aça   i   ́   
fruits (cross section): (1) Embryo, (2) Endocarp, (3) Scar, (4) Pulp, (5) Pericarp + Tegument, 
and (6) Mesocarp.

2.2. Pre-treatment of açaí (Euterpe oleracea, Mart) seeds

The seeds of Açaí (Euterpe oleracea, Mart) are submitted to drying at 105°C using a pilot oven 
with air recirculation (SOC, FABBE, Ltd, Brazil, Model: 170) for a period of 24 h. Afterward, 
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the dried seeds are grinded using a laboratory knife cutting mill (TRAPP, Brazil, Model: TRF 
600). Then, the dried and grinded açaí seeds are sieved using an 18 Mesh sieve to remove the 
excess fiber material.

2.2.1. Centesimal and elemental characterization of açaí (Euterpe oleracea, Mart) seeds

The centesimal and elemental characterizations of açaí (Euterpe oleracea, Mart) seeds are per-
formed for moisture (AOAC 935.29), volatile matter (ASTM D 3175-07), ash (ASTM D 3174-04), 
fixed carbon (ASTM D6316-09), lipids (AOAC 963.15), proteins (AOAC 991.20), fibers accord-
ing to the official methods reported in the literature [29], and insoluble lignin according to the 
method of Klason described elsewhere [30].

2.3. Fractional distillation of bio-oil

2.3.1. Distillation: experimental apparatus and procedures

The fractional distillation of bio-oil is performed by using an experimental apparatus, as 
described in the literature [31]. The distillation apparatus, illustrated in Figure 2, has an elec-
trical heating blanket of 480 W (Fisaton, Model: 202E, Class: 300), which is thermostatically 
controlled, a 500 ml round bottom, and two neck flasks with outer joints. The side joint is used 
to insert a long-thin thermocouple of a digital thermometer, and the center joint is connected 
to a distillation column (Vigreux) of 30 cm. The center top-outer joint is connected to the 
bottom inner joint of a Liebig glass-borosilicate condenser. The Liebig glass-borosilicate con-
denser is connected to a 250 ml glass separator funnel by the top-outer joint. A thermocouple 
connected to the top-outer joint 24/40 of the distillation column makes it possible to measure 
the vapor temperature at the top of the borosilicate-glass distillation columns (Vigreux). A 
cryostat bath provides cold water at 15°C to the Liebig glass-borosilicate condenser. The 
500-ml round-bottom borosilicate-glass flask and the distillation column are insulated with 
glass wool and aluminum foil sheet to avoid heat losses, respectively. The mass of distillation 

Figure 1. Anatomy of Açaí (Euterpe oleracea, Mart) fruit in nature (cross section): (1) embryo, (2) endocarp, (3) scar, (4) 
pulp, (5) pericarp + tegument, and (6) mesocarp.
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fractions (gasoline, kerosene, and light diesel-like fuels) is recorded and weighed. The distil-
lation fractions are submitted to the pre-treatment of decantation to separate the aqueous and 
organic phases.

2.4. Physicochemical analysis of bio-oil and distillation fractions and chemical 
composition of bio-oil

2.4.1. Physicochemical analysis of bio-oil and distillation fractions

Bio-oil and the distillation fractions are obtained according to the boiling temperature range 
of fossil fuels (gasoline, kerosene, and diesel) physicochemical characterized for acid value 
(AOCS Cd 3d-63), density (ASTM D4052) at 25°C, kinematic viscosity (ASTM D445/D446), 
and refractive index (AOCS Cc 7-25), as described in the literature [31]. The qualitative analy-
ses of chemical functions present in the bio-oil are performed by FT-IR spectroscopy, accord-
ing to the literature [31].

2.4.2. GC-MS of bio-oil

The separation and identification of all the compounds present in bio-oil are performed by 
GC-MS, using a gas chromatograph (Agilent Technologies, USA, Model: GC-7890B) coupled 
to MS-5977A Mass Spectrometer, a SLBTM-5 ms (30 m × 0.25 mm × 0.25 mm) fused silica 
capillary column. The temperature conditions used in the GC-MS were: injector tempera-
ture: 250°C; split: 1:50, detector temperature: 230°C and quadrupole: 150°C; injection volume: 
1.0 mL; oven: 60°C/1 min; 3°C/min; 200°C/2 min; 20°C/min; 230°C/10 min. The intensity, 

Figure 2. Vigreux borosilicate-glass distillation column of 500 ml, electrical heating mantel, cryostat bath, Liebig 
condenser, and separating funnel.
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retention time, and compound identification were recorded for each peak analyzed according 
to the NIST (Standard Reference Database 1A, V14) mass spectra library, which is part of 
the software. The identification is made based on the similarity of the peak mass spectrum 
obtained with the spectra within the library database, included in the software. The contents 
of all identified oxygenates and hydrocarbons present in each sample were separated and the 
chemical composition of each experiment was estimated.

2.5. Morphology of solid phase products of açaí seeds (Euterpe oleracea, Mart)

The characterization of solid phase products (coke) obtained by pyrolysis of dried Açaí 
(Euterpe oleracea, Mart) seeds at 450°C and 1.0 atm, in pilot scale, was performed by scanning 
electron microscope (SEM), energy dispersive X-ray spectroscopy (EDX), and X-ray diffrac-
tion (XRD) according the equipment’s and procedures described in detail elsewhere [31, 32].

3. Results and discussions

3.1. Centesimal and elemental characterization of açaí (Euterpe oleracea) seeds

Table 1 shows the centesimal and elemental characterization of açaí (Euterpe oleracea) seeds 
in nature. The experimental results obtained for moisture, proteins, and cellulose are accord-
ing to those reported by Altman [9], while those for lipids, proteins, and fibers are according 
to those reported by Kabacknik and Roger [8]. In addition, the results for lipids and proteins 
are according to those reported by Tamiris et al. [7]. The centesimal characterization of açaí 
(Euterpe oleracea) seeds totalizes 98.07% (wt.) in dry basis, showing that summation (mois-
ture, lipids, proteins, fibers, hemicellulose, cellulose, lignin, volatile matter, fixed carbon, 
and ash) is almost close to 100% (wt.). The summation of centesimal characterization of açaí 
seeds (moisture, lipids, proteins, fibers, ash, and nitrogen) reported by Tamiris et al. [7] is 
also close to 100% (wt.). The results for fibers are much higher than those reported by Tamiris 
et al. [7], who reported 85.69% (wt.) of carbohydrates, and much lower than those reported 
by Altman [9].

3.2. Process parameters and overall steady state material balances of dried açaí 
(Euterpe oleracea, Mart) seeds pyrolysis

The process conditions and steady state material balances of dried Açaí (Euterpe oleracea, 
Mart) seeds pyrolysis are shown in Table 2. The experimental results show that bio-oil, gas, 
water phase, and coke yields were 4.38, 29.39, and 35.67% (wt.), respectively. The bio-oil yield 
of 4.39% (wt.) is lower compared to similar data for bio-oil yield obtained by fast pyrolysis of 
forestry residues at 520°C reported in the literature [33, 34], ranging from 10 to 20% (wt.), and 
depends on the feedstock composition. The low bio-oil yield is probably due to the high fiber 
content, as illustrated in Table 3. The high yield of water phase is probably due to dehydration 
reactions along the pyrolysis process, as the initial moisture content is 10.15% (wt.), being the 
water phase yield of 29.39% (wt.) close to that of 28.0% (wt.), as reported in the literature [34].
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3.3. Physicochemical characterization of bio-oil

Table 3 presents the physicochemical characterization of bio-oil obtained by pyrolysis of dried 
açaí (Euterpe oleracea, Mart) seeds at 450°C and 1.0 atm. The bio-oil density and viscosity were 
1.0468 g/cm3 and 68.34 mm2/s, respectively. The density and kinematic viscosity are according 
to similar data reported in the literature [35], where average density of wood bio-oil is 1.2 g/
cm3 and the kinematic viscosity of wood bio-oils at 50°C varies between 40 and 100 mm2/s. 
The acid value of bio-oil was 70.26 KOH/g, being the acidity due to the presence of oxygenates 
compounds, such as carboxylic acids, phenols, cresols, ketones, and aldehydes, as described 
in Table 5, confirming the results reported by Oasmaa et al. [36], who stated that acidity of 
fast pyrolysis bio-oil is mainly due to volatile carboxylic acids, but not only, as well as other 
functional groups such as phenols, resin acids, and hydroxy acids [36].

3.4. Mass balances, yields (distillates and raffinate) of fractional distillation, and 
physicochemical characterization of distillation fractions of bio-oil obtained by 
pyrolysis of dried açaí (Euterpe oleracea, Mart) seeds

Mass balances and yields (distillates and raffinate) of fractional distillation of bio-oil obtained 
by pyrolysis of dried Açaí (Euterpe oleracea, Mart) seeds at 450°C and 1.0 atm are illustrated in 
Table 4. The distillation of bio-oil yielded fossil fuel-like fractions (gasoline, kerosene, and light 
diesel) of 4.70, 28.21, and 22.35% (wt.), respectively, totalizing 55.26% (wt.), being according to 
similar results for distillation of bio-oil reported in the literature [22, 23, 25, 37]. Zheng and Wie 
[22], investigated the distillation of fast pyrolysis bio-oil at 80°C and 15 mmHg, obtaining a 
distilled bio-oil yield of 61% (wt.), being the oxygenates’ content of distilled bio-oil 9.2% (wt.). 

Physicochemical analysis Cordeiro [6]  
Wet Basis

Tamiris et al. [7] 
Dry Basis

Kabacknik and Roger [8] 
Wet Basis

Altman [9]  
Wet Basis

Moisture (%) 10.15 0.79 58.30 13.60

Lipids (%) 0.61 1.98 1.65 3.48

Proteins (%) 6.25 7.85 5.56 5.02

Fibers (%) 29.79 2.1 21.29 62.95

Hemicelluloses (%) 5.5 — — 14.19

Cellulose (%) 40.29 — — 39.83

Lignin (%) 4.00 — — 8.93

Volatile matter (%) 0.5 — — —

Fixed carbon (%) 0.83 — — —

Ash (%) 0.15 1.68 5.97 1.55

Nitrogen (%) — 1.26 — —

Carbohydrate (%) — 85.69 — —

Table 1. Centesimal and elemental characterization of Açaí (Euterpe oleracea, Mart) seeds in nature.
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of 4.39% (wt.) is lower compared to similar data for bio-oil yield obtained by fast pyrolysis of 
forestry residues at 520°C reported in the literature [33, 34], ranging from 10 to 20% (wt.), and 
depends on the feedstock composition. The low bio-oil yield is probably due to the high fiber 
content, as illustrated in Table 3. The high yield of water phase is probably due to dehydration 
reactions along the pyrolysis process, as the initial moisture content is 10.15% (wt.), being the 
water phase yield of 29.39% (wt.) close to that of 28.0% (wt.), as reported in the literature [34].
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Zhang et al. [23] investigated the atmospheric distillation of fast pyrolysis bio-oil and reported 
an accumulated distillate of 51.86% (wt.). The major organic compounds identified in distillate 
fractions include phenols, guaiacols, furans, and volatile carboxylic acids (acetic acid and pro-
panoic acid) were also observed in raw bio-oil [23]. In addition, Zhang et al. [23] reported that 
as the distillation temperature reached 240°C, condensation reactions take place, generating 
water. Elkasabi et al. [25] reported organic yields from distillation of tail-gas reactive pyrolysis 
(TGRP) bio-oil ranging from 55 to 65% (wt.).

Physicochemical properties 450°C ANP N° 65

Bio-oil

ρ (g/cm3) 1.0468 0.82–0.85

Acid value (mg KOH/g) 70.26 —

Refractive index (—) ND —

ν (cSt) 68.34 2.0–4.5

ANP: Brazilian National Petroleum Agency, resolution N° 65 (specification of diesel S10).

Table 3. Physicochemical characterization of bio-oil obtained by pyrolysis of dried Açaí (Euterpe oleracea, Mart) seeds at 
450°C and 1.0 atm, in pilot scale.

Process parameters Cracking temperature (°C)

450

Mass of Açaí (kg) 30

Mass of GLP (kg)

Cracking time (min) 150

Mechanical stirrer speed (rpm) 0

Initial cracking temperature (°C) 179

Mass of aqueous phase (OLP + H2O) (kg) 10,133

Mass of Coke (kg) 10,700

Mass of OLP (kg) 1316

Mass of H2O (kg) 8.816

Mass of gas (kg) 9167

Yield of OLP (kg) 4.39

Yield of coke (kg) 35.67

Yield of H2O (kg) 29.39

Yield of Gas (kg) 30.56

Table 2. Process parameters and overall steady state material balances of dried Açaí (Euterpe oleracea, Mart) seeds 
pyrolysis at 450°C and 1.0 atm, in pilot scale.
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3.4.1. Physicochemical characterization of distillation fractions (gasoline, kerosene, and light 
diesel-like fractions)

The physicochemical characterization of distillation fractions (gasoline: 80–175°C, kerosene: 
175–235°C, and light diesel-like fraction: 235–305°C) of bio-oil obtained by pyrolysis of dried 
Açaí (Euterpe oleracea, Mart) seeds at 450°C and 1.0 atm is shown in Table 5. It can be observed 
that acidity of distillation fractions (gasoline, kerosene, and light diesel-like) increases with 
increasing boiling temperature, showing a drastic decrease compared to the acidity of raw 
bio-oil. This is probably due to the high concentration of higher boiling-point compounds in 
the distillate fractions, such as p-cresol, o-cresol, guaiacol, phenol, and furans, which increases 
with the increasing boiling temperature [23]. In addition, the densities and viscosities of kero-
sene and light diesel-like fractions increase with increasing boiling temperature.

3.5. Qualitative and compositional analyses of bio-oil

3.5.1. Qualitative analyses of chemical functions in bio-oil by FT-IR spectroscopy

Figure 3 illustrates the FT-IR analysis of bio-oil obtained by pyrolysis of dried Açaí (Euterpe 
oleracea, Mart) seeds at 450°C and 1.0 atm, in pilot scale. The identification of absorption bands/
peaks done according to previous studies [31, 38, 39]. The spectrum of bio-oil presents a wide 
band of axial deformation at 3435 cm−1, characteristic of O–H intramolecular hydrogen bond, 
indicating probably the presence of carboxylic acids. The spectra of bio-oil exhibit intense 
peaks between 2921 and 2964 cm−1 and between 2858 and 2964 cm−1, indicating the presence 
of aliphatic compounds, associated to methylene (CH2) and methyl (CH3) groups. This con-
firms the presence of hydrocarbons [31, 38]. It has been observed that for bio-oil, an intense 
axial deformation band, characteristic of carbonyl (C=O) groups, with the peaks at 1742, 1745, 
and 1747 cm−1, probably associated to a ketone and/or carboxylic acids [31, 38]. The spectra of 
bio-oil exhibit between 1455 and 1465 cm−1, a characteristic asymmetrical deformation vibra-
tion of methylene (CH2) and methyl (CH3) groups, indicating the presence of alkanes [31, 38]. 
The spectrum of bio-oil identified at 1377 cm−1, a band of symmetrical angular deformation 
of C–H bonds in methyl group (CH3) [31, 38]. The peaks between 995 and 905 cm−1 for bio-oil, 
are characteristic of an angular deformation outside the plane of C–H bonds, indicating the 
presence of alkenes [31, 38]. The spectra of bio-oil exhibit bands between 721 and 667 cm−1, 
peaks characteristic of an angular deformation outside the plane of C–H bonds in methylene 
(CH2) group, indicating the presence of olefins [31, 38]. The characteristic peaks of phenols 

Distillation: 
vigreux 
column

OLP Gas Raffinate Distillates (g) Yield (wt.%)

(g) (g) (g) H2O G K LD HD H2O G K LD HD

450°C 136.84 0 40.98 20.26 6.43 38.60 30.59 0 14.80 4.70 28.21 22.35 0

G = gasoline, K = kerosene, LD = light diesel, HD = heavy diesel.

Table 4. Mass balances and yields (Distillates and Raffinate) of fractional distillation of bio-oil obtained by pyrolysis of 
dried Açaí (Euterpe oleracea, Mart) seeds at 450°C and 1.0 atm, in pilot scale.
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Zhang et al. [23] investigated the atmospheric distillation of fast pyrolysis bio-oil and reported 
an accumulated distillate of 51.86% (wt.). The major organic compounds identified in distillate 
fractions include phenols, guaiacols, furans, and volatile carboxylic acids (acetic acid and pro-
panoic acid) were also observed in raw bio-oil [23]. In addition, Zhang et al. [23] reported that 
as the distillation temperature reached 240°C, condensation reactions take place, generating 
water. Elkasabi et al. [25] reported organic yields from distillation of tail-gas reactive pyrolysis 
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Refractive index (—) ND —
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450°C and 1.0 atm, in pilot scale.
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at 1510 cm−1 corresponded to the C=C aromatic ring vibrations [39]. The peaks at 1240 and 
1180 cm−1 corresponded to the C–C–O asymmetric stretch and C–H in-plane deformations, 
respectively, while the 990 and 747 cm−1 peaks belonged to the C–H out-of-plane vibrations. 
The frequency due to OH in-plane bonding vibration in phenols, in general, lies in the region 
1150–1250 cm−1. The 1500 cm−1 vibration is a triplet appearing at 1515 and 1460 cm−1, cor-
responding probably to the presence of p-cresol and m-cresol, respectively. The OH deforma-
tion and C–O stretching vibrations in phenols are close to each other, and therefore they are 
strongly coupled. They fall above 1100 cm−1and extend up to 1330 cm−1. A broad absorption 
is observed in this region due to the presence of numerous phenols. The out-of-plane hydro-
gen vibrations appearing in the region 900–675 cm−1 suggest the presence of m-cresol and 

Physicochemical properties 450° C ANP N° 65

G K LD

ρ (g/cm3) SNA 0.9191 0.9816 0.82–0.85

I.A (mg KOH/g) 19.94 61.08 64.78

I.R (−) 1455 1479 1497

ν (cSt) SNA 4.29 9.05 2.0–4.5

I.A = acid value, I.R = refractive index, SNA = amount of sample not enough for analysis.

Table 5. Physicochemical characterization of distillation fractions (gasoline: 80–175°C, kerosene: 175–235°C, and light 
diesel-like fraction: 235–305°C) of bio-oil obtained by pyrolysis of dried Açaí (Euterpe oleracea, Mart) seeds at 450°C and 
1.0 atm, in pilot scale.

Figure 3. FT-IR of Açaí (Euterpe oleracea, Mart) seeds bio-oil after pyrolysis at 450°C and 1.0 atm, in pilot scale.
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p-cresol. The peaks appearing in the range of 1000–1200 cm−1 indicate the presence of C–O–C 
bond, associated with those in a lower range of 650–750 cm−1, from –CH=CH– bonds, showing 
the presence of furans, coupled with peaks in the 3000–3100 and 1400–1600 cm−1, suggesting 
the presence of aromatic rings in the form of C–H and C=C stretching, respectively, corre-
sponding to the presence of furans (benzofuran) [39]. The FT-IR analysis of bio-oil identifies 
the presence of hydrocarbons (alkanes, alkenes, aromatic hydrocarbons, etc.,) and oxygenates 
(phenols, cresols, carboxylic acids, ketones, furans, etc.).

3.5.2. Compositional analyses of bio-oil by GC-MS

Figure 4 illustrates the chromatogram of bio-oil obtained by pyrolysis of dried Açaí (Euterpe 
oleracea, Mart) seeds at 450°C and 1.0 atm, in pilot scale. The classes of compounds, summa-
tion of peak areas, CAS numbers, and retention times of chemical compounds are identified 
by GC-MS described in Table 6. The chemical compounds identified by GC-MS were hydro-
carbons (alkanes, alkenes, aromatic hydrocarbons, and cycloalkenes) and oxygenates (esters, 
phenols, cresols, carboxylic acids, ketones, furans, and aldehydes). The bio-oil is composed 

Figure 4. GC-MS of bio-oil obtained by pyrolysis of Açaí (Euterpe oleracea, Mart) seeds at 450°C and 1.0 atm, in pilot scale.
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at 1510 cm−1 corresponded to the C=C aromatic ring vibrations [39]. The peaks at 1240 and 
1180 cm−1 corresponded to the C–C–O asymmetric stretch and C–H in-plane deformations, 
respectively, while the 990 and 747 cm−1 peaks belonged to the C–H out-of-plane vibrations. 
The frequency due to OH in-plane bonding vibration in phenols, in general, lies in the region 
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tion and C–O stretching vibrations in phenols are close to each other, and therefore they are 
strongly coupled. They fall above 1100 cm−1and extend up to 1330 cm−1. A broad absorption 
is observed in this region due to the presence of numerous phenols. The out-of-plane hydro-
gen vibrations appearing in the region 900–675 cm−1 suggest the presence of m-cresol and 
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Table 5. Physicochemical characterization of distillation fractions (gasoline: 80–175°C, kerosene: 175–235°C, and light 
diesel-like fraction: 235–305°C) of bio-oil obtained by pyrolysis of dried Açaí (Euterpe oleracea, Mart) seeds at 450°C and 
1.0 atm, in pilot scale.

Figure 3. FT-IR of Açaí (Euterpe oleracea, Mart) seeds bio-oil after pyrolysis at 450°C and 1.0 atm, in pilot scale.
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p-cresol. The peaks appearing in the range of 1000–1200 cm−1 indicate the presence of C–O–C 
bond, associated with those in a lower range of 650–750 cm−1, from –CH=CH– bonds, showing 
the presence of furans, coupled with peaks in the 3000–3100 and 1400–1600 cm−1, suggesting 
the presence of aromatic rings in the form of C–H and C=C stretching, respectively, corre-
sponding to the presence of furans (benzofuran) [39]. The FT-IR analysis of bio-oil identifies 
the presence of hydrocarbons (alkanes, alkenes, aromatic hydrocarbons, etc.,) and oxygenates 
(phenols, cresols, carboxylic acids, ketones, furans, etc.).

3.5.2. Compositional analyses of bio-oil by GC-MS

Figure 4 illustrates the chromatogram of bio-oil obtained by pyrolysis of dried Açaí (Euterpe 
oleracea, Mart) seeds at 450°C and 1.0 atm, in pilot scale. The classes of compounds, summa-
tion of peak areas, CAS numbers, and retention times of chemical compounds are identified 
by GC-MS described in Table 6. The chemical compounds identified by GC-MS were hydro-
carbons (alkanes, alkenes, aromatic hydrocarbons, and cycloalkenes) and oxygenates (esters, 
phenols, cresols, carboxylic acids, ketones, furans, and aldehydes). The bio-oil is composed 

Figure 4. GC-MS of bio-oil obtained by pyrolysis of Açaí (Euterpe oleracea, Mart) seeds at 450°C and 1.0 atm, in pilot scale.
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450°C

Class of compounds: chemical compounds RT (min) CAS ωi% (Area)

Alkanes

Undecane 10,622 1120–21–4 1124

Tridecane 13,870 629–50–5 2481

Pentadecane 16,744 629–62–9 2290

Dodecane, 5,8-diethyl 19,326 24.251–86–3 1626

Ʃ (Area.%) = 7521

Alkenes

6-Tridecene, (Z)- 1626 6508–77–6 2118

Ʃ (Area.%) = 2118

Cycloalkenes

Megastigma-4,6(E), 8 (Z)-trien 13,440 5298–13–5 1847

Ʃ (Area.%) = 1847

Aromatic hydrocarbons

Naphthalene 12,262 91–20–3 4399

Naphthalene, 1-methyl 14,046 90–12–0 2390

1H-Indene, 1-ethylidene 14,296 2471–83–2 3249

Ʃ (Area.%) = 10,038

Esters

Undecanoic acid, 10-methyl-, methyl ester 17,049 5129–56–6 1096

Methyl tetradecanoate 19,620 124–10–7 2969

Ʃ (Area.%) = 4065

Carboxylic acids

Dodecanoic acid 17,648 334–48–5 4307

Tetradecanoic acid 20,677 544–63–8 4216

Ʃ (Area.%) = 8523

Ketones

2-Pentanone, 4-hydroxy-4-methyl 5886 123–42–2 1878

2-Cyclopenten-1-one, 2,3-dimethyl 9552 1121–05–7 1655

Ʃ (Area.%) = 3533

Phenols

Phenol 8469 108–95–2 15,932

Phenol, 2-methoxy 10,446 90–05–1 4583
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by 21.52% (area) hydrocarbons (2.12% alkenes, 7.52% alkanes, 10.04% aromatic hydrocarbons, 
and 1.85% cycloalkenes), and 78.48% (area) oxygenates (4.06% esters, 8.52% carboxylic acids, 
3.53% ketones, 35.16% phenols, 20.52% cresols, 5.75% furans, and 0.91% aldehydes). The pres-
ence of carboxylic acids, as well as phenols and cresols, but not only, confers the high acidity 
of bio-oil, as described in Table 3.

The chemical composition of bio-oil is according to similar bio-oil compositions reported in 
the literature [22, 23, 25, 26, 36, 37], showing the presence of hydrocarbons, phenols, cresols, 
furans, carboxylic acids, esters, among other classes of chemical compounds. The hydrocar-
bons identified in bio-oil by GC-MS present carbon chain length between C11 and C15 with fol-
lowing carbon chain lengths, alkenes C13, alkanes C11–C15, and cycloalkenes C13. The chemical 
composition of bio-oil indicates the presence of heavy gasoline compounds with C11 (C5–C11), 
kerosene-like fractions (C11–C12), and light diesel-like fractions (C13–C15), as observed by frac-
tional distillation illustrated in Table 4.

450°C

Class of compounds: chemical compounds RT (min) CAS ωi% (Area)

Phenol, 2,6-dimethyl 10,805 576–26–1 1991

Phenol, 2,4-dimethyl 11,469 105–67–9 2034

Phenol, 2,5-dimethyl 11,502 95–87–4 2215

Phenol, 3,4-dimethyl 11,821 95–65–8 3845

Phenol, 4-ethyl-2-methoxy 13,571 2785–89–9 4567

Ʃ (Area.%) = 35,167

Cresols

p-Cresol 9818 108–39–4 6331

m-Cresol 10,198 106–44–5 11,054

Cresol 12,210 93–51–3 3141

Ʃ (Area.%) = 20,526

Furans

Benzofuran, 2-methyl 10,879 4265–26–2 1879

Furan, 2-(2 furanylmethyl)-5-methyl 11,946 13,678–51–8 2089

Benzofuran, 4,7-dimethyl 12,700 28,715–26–6 1783

Ʃ (Area.%) = 5751

Aldehydes

Cinnamaldehyde, β-methyl- 12,654 1196–67–4 0.910

Ʃ (Area.%) = 0.910

Table 6. Classes of compounds, summation of peak areas, CAS numbers, and retention times of chemical compounds 
identified by GC-MS of bio-oil obtained by pyrolysis of dried Açaí (Euterpe oleracea, Mart) seeds at 450°C and 1.0 atm, 
in pilot scale.
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by 21.52% (area) hydrocarbons (2.12% alkenes, 7.52% alkanes, 10.04% aromatic hydrocarbons, 
and 1.85% cycloalkenes), and 78.48% (area) oxygenates (4.06% esters, 8.52% carboxylic acids, 
3.53% ketones, 35.16% phenols, 20.52% cresols, 5.75% furans, and 0.91% aldehydes). The pres-
ence of carboxylic acids, as well as phenols and cresols, but not only, confers the high acidity 
of bio-oil, as described in Table 3.

The chemical composition of bio-oil is according to similar bio-oil compositions reported in 
the literature [22, 23, 25, 26, 36, 37], showing the presence of hydrocarbons, phenols, cresols, 
furans, carboxylic acids, esters, among other classes of chemical compounds. The hydrocar-
bons identified in bio-oil by GC-MS present carbon chain length between C11 and C15 with fol-
lowing carbon chain lengths, alkenes C13, alkanes C11–C15, and cycloalkenes C13. The chemical 
composition of bio-oil indicates the presence of heavy gasoline compounds with C11 (C5–C11), 
kerosene-like fractions (C11–C12), and light diesel-like fractions (C13–C15), as observed by frac-
tional distillation illustrated in Table 4.

450°C

Class of compounds: chemical compounds RT (min) CAS ωi% (Area)

Phenol, 2,6-dimethyl 10,805 576–26–1 1991

Phenol, 2,4-dimethyl 11,469 105–67–9 2034

Phenol, 2,5-dimethyl 11,502 95–87–4 2215

Phenol, 3,4-dimethyl 11,821 95–65–8 3845

Phenol, 4-ethyl-2-methoxy 13,571 2785–89–9 4567

Ʃ (Area.%) = 35,167

Cresols

p-Cresol 9818 108–39–4 6331

m-Cresol 10,198 106–44–5 11,054

Cresol 12,210 93–51–3 3141

Ʃ (Area.%) = 20,526

Furans

Benzofuran, 2-methyl 10,879 4265–26–2 1879

Furan, 2-(2 furanylmethyl)-5-methyl 11,946 13,678–51–8 2089

Benzofuran, 4,7-dimethyl 12,700 28,715–26–6 1783

Ʃ (Area.%) = 5751

Aldehydes

Cinnamaldehyde, β-methyl- 12,654 1196–67–4 0.910

Ʃ (Area.%) = 0.910

Table 6. Classes of compounds, summation of peak areas, CAS numbers, and retention times of chemical compounds 
identified by GC-MS of bio-oil obtained by pyrolysis of dried Açaí (Euterpe oleracea, Mart) seeds at 450°C and 1.0 atm, 
in pilot scale.
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3.6. Morphology of solid phase products of açaí seeds (Euterpe oleracea, Mart)

3.6.1. SEM analysis of solid phase

The scanning electron microscopies of açaí (Euterpe oleracea, Mart) seeds in nature and after 
pyrolysis of dried Açaí (Euterpe oleracea, Mart) seeds at 450°C and 1.0 atm are shown in 
Figures 5 and 6, respectively. SEM was applied to investigate changes on the vegetal surface 
structure during the pyrolysis process. By comparison of SEM images of açaí seeds in nature 
and after pyrolysis, it can be observed for açaí seeds in nature that an aggregate, amorphous 

Figure 5. SEM of Açaí (Euterpe oleracea, Mart) seeds in nature.

Figure 6. SEM of Açaí (Euterpe oleracea, Mart) seeds coke after pyrolysis at 450°C and 1.0 atm, in pilot scale.
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and homogeneous structure with irregular shapes dominates, showing the pyrolysis process 
had a drastic effect on the vegetal morphology, as the vegetal structure differs largely from 
its original microscopic characteristics, as observed in Figure 6, as all the plant cell walls 
are constituted by cavities. The pyrolysis process produced an aggregate, amorphous solid 
phase, heterogeneous structure with irregular shapes, being the morphology after pyrolysis 
completely different compared to the characteristics of original vegetal surface structure. In 
addition, according to Table 7, the carbonization grade is higher, showing that temperature 
has caused substantial changes on the morphological structure of açaí (Euterpe oleracea, Mart) 
seeds in nature by destructing and/or degrading the plant cell walls.

Table 7 illustrates the energy dispersive X-ray spectroscopy of açaí seeds in nature and after 
pyrolysis of dried Açaí (Euterpe oleracea, Mart) seeds at 450°C and 1.0 atm, in pilot scale. The 
results show that after pyrolysis the carbon content increases, while that of oxygen decreases, 
compared to those of açaí seeds in nature, showing that carbonization grade is higher. Finally, 
the morphological structure of açaí (Euterpe oleracea, Mart) seeds after pyrolysis presents 
open cavities caused by destruction of the plant cell walls, and may be probably used as a 
bio-adsorbent.

3.6.2. EDX analysis of solid phase

Table 7 illustrates the energy dispersive X-ray spectroscopy of açaí seeds in nature and after 
pyrolysis of dried Açaí (Euterpe oleracea, Mart) seeds at 450°C and 1.0 atm by EDX technique. 
The results show that carbon content increases from 79.28 to 89.98% (wt.), showing a carbon-
ization grad of 13.5%, while that of oxygen decreases from 20.71 to 6.94% (wt.) along with 
the pyrolysis process. The EDX also identified the presence of K and S in açaí seeds in nature.

3.6.3. XRD analysis of solid phase

Figure 7 shows the XRD analysis of solid phase products obtained by pyrolysis of Açaí (Euterpe 
oleracea, Mart) seeds at 450°C and 1.0 atm, in pilot scale. The results confirm the presence of 

450°C Açaí seeds

Chemical elements Mass (wt.%) Atomic mass (wt.%) SD Mass (wt.%) Atomic mass (wt.%) SD

C 89.98 93.55 4.64 79.28 83.60 4.85

O 6.94 5.41 0.54 20.71 16.39 1.50

Mg — — — — — —

Si — — — — — —

K 2.45 2.45 0.07 — — —

S 0.60 0.60 0.04 — — —

Al — — — — — —

SD = standard deviation.

Table 7. Percentages in Atomic Mass of dried Açaí (Euterpe oleracea, Mart) seeds in nature and after pyrolysis at 450°C and 
1.0 atm by EDX technique.
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and homogeneous structure with irregular shapes dominates, showing the pyrolysis process 
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its original microscopic characteristics, as observed in Figure 6, as all the plant cell walls 
are constituted by cavities. The pyrolysis process produced an aggregate, amorphous solid 
phase, heterogeneous structure with irregular shapes, being the morphology after pyrolysis 
completely different compared to the characteristics of original vegetal surface structure. In 
addition, according to Table 7, the carbonization grade is higher, showing that temperature 
has caused substantial changes on the morphological structure of açaí (Euterpe oleracea, Mart) 
seeds in nature by destructing and/or degrading the plant cell walls.

Table 7 illustrates the energy dispersive X-ray spectroscopy of açaí seeds in nature and after 
pyrolysis of dried Açaí (Euterpe oleracea, Mart) seeds at 450°C and 1.0 atm, in pilot scale. The 
results show that after pyrolysis the carbon content increases, while that of oxygen decreases, 
compared to those of açaí seeds in nature, showing that carbonization grade is higher. Finally, 
the morphological structure of açaí (Euterpe oleracea, Mart) seeds after pyrolysis presents 
open cavities caused by destruction of the plant cell walls, and may be probably used as a 
bio-adsorbent.

3.6.2. EDX analysis of solid phase

Table 7 illustrates the energy dispersive X-ray spectroscopy of açaí seeds in nature and after 
pyrolysis of dried Açaí (Euterpe oleracea, Mart) seeds at 450°C and 1.0 atm by EDX technique. 
The results show that carbon content increases from 79.28 to 89.98% (wt.), showing a carbon-
ization grad of 13.5%, while that of oxygen decreases from 20.71 to 6.94% (wt.) along with 
the pyrolysis process. The EDX also identified the presence of K and S in açaí seeds in nature.

3.6.3. XRD analysis of solid phase
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three crystalline phases: (1) graphite (C) with a peak of high intensity (100%) on the position 
2: 26.52 (ICDD: 00–025-0284); (2) cristobalite (SiO2) with peaks of medium intensity on the 
positions 2: 15.07 (71.53%) (ICDD: 01-077-1316); (3) quartz (SiO2) with a peak of high intensity 
on the position 2: 20.40 (90.30%) (ICDD: 01-089-8940). The pyrolysis favors the formation of 
mineralogical phase graphite (C). This is according to the results described in Section 3.2.2, 
whereas a carbonization takes place during the pyrolysis process.

4. Conclusions

The experimental results show that bio-oil, gas, water phase, and coke yields were 4.38, 30.56, 
29.39, and 35.67% (wt.), respectively. The bio-oil yield of 4.38% (wt.) is lower compared to 
similar data for bio-oil yield obtained by fast pyrolysis of forestry residues at 520°C reported 
in the literature [33, 34], ranging from 10 to 20% (wt.). The bio-oil density and viscosity were 
1.0468 g/cm3 and 68.34 mm2/s, respectively, being according to similar data reported in the 
literature [35]. The acid value of bio-oil was 70.26 KOH/g, showing the presence of oxygenates 
compounds, such as carboxylic acids, phenols, cresols, ketones, and aldehydes, confirming 
the results reported by Oasmaa et al. [36].

The distillation of bio-oil yielded fossil fuel-like fractions (gasoline, kerosene, and light die-
sel) of 4.70, 28.21, and 22.35% (wt.), respectively, totalizing 55.26% (wt.), being the results 
according to similar studies for distillation of bio-oil reported in the literature [22, 23, 25, 37]. 
The acidity of distillation fractions (gasoline, kerosene, and light diesel-like) increases with 
increasing boiling temperature, showing a drastic decrease compared to the acidity of raw 
bio-oil. This i probably due to the high concentration of higher boiling-point compounds in 
the distillate fractions, such as p-cresol, o-cresol, guaiacol, phenol, and furans [23].

Figure 7. XRD of Açaí (Euterpe oleracea, Mart) seeds coke after pyrolysis at 450°C and 1.0 atm, in pilot scale.
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The FT-IR analysis of bio-oil identifies the presence of hydrocarbons (alkanes, alkenes, 
aromatic hydrocarbons, etc.) and oxygenates (phenols, cresols, carboxylic acids, ketones, 
furans, etc.). The bio-oil is composed by 21.52% (area) hydrocarbons (2.12% alkenes, 7.52% 
alkanes, 10.04% aromatic hydrocarbons, and 1.85% cycloalkenes), and 78.48% (area) oxygen-
ates (4.06% esters, 8.52% carboxylic acids, 3.53% ketones, 35.16% phenols, 20.52% cresols, 
5.75% furans, and 0.91% aldehydes). The presence of carboxylic acids, as well as phenols and 
cresols, but not only, confers the high acidity of bio-oil, as described in Table 3.

The pyrolysis process produced an aggregate, amorphous solid phase, heterogeneous structure 
with irregular shapes, being the morphology after pyrolysis completely different compared 
to the characteristics of original vegetal surface structure. In addition, the temperature has 
caused substantial changes on the morphological structure of açaí (Euterpe oleracea, Mart) seeds 
in nature by destructing and/or degrading the plant cell walls. The results of EDX show that 
carbon content increases from 79.28 to 89.98% (wt.), showing a carbonization grad of 13.5%, 
while that of oxygen decreases from 20.71 to 6.94% (wt.) along with the pyrolysis process. The 
results of EDX confirm the presence of three crystalline phases: (1) graphite (C); (2) cristobalite 
(SiO2); (3) quartz (SiO2), being graphite the peak of high intensity (100%) on the position 2: 
26.52 (ICDD: 00-025-0284). The pyrolysis favors the formation of mineralogical phase graphite.

The fractional distillation makes it possible to obtain fossil fuel-like fractions (gasoline, 
kerosene, and light diesel) rich in hydrocarbons, based on the boiling temperature of 
hydrocarbons.
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kerosene, and light diesel) rich in hydrocarbons, based on the boiling temperature of 
hydrocarbons.
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