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1. Introduction

Energy is vital for modern society since commercial, agricultural and industrial activities are
highly energy-consuming. Moreover, the marvels of the modern technology have enhanced
the aspirations of people for an improved quality of life, which is more and more dependent
on energy. It is a consensus that this very high energy demand can not be adequately
supplied by traditional energy sources such as fossil-based fuels. In addition, there are many
concerns about the usage of these fuels in future, mainly taking into account that they are
obtained from a finite source and that their production and utilization are processes highly
pollutant. These environmental concerns are widely justified taking into consideration, for
example, that 56.6 % of anthropogenic green house gases (GHG) emissions of 2004 were
associated to fossil fuel use [1]. Thus, for a sustainable future, it is essential to develop
integrated energy models linking both traditional and modern renewable energy sources in
order to decrease the global dependence on petroleum and to minimize environmental
problems associated to its use as energy supply. A very complete discussion focused on the
development and evaluation of integrated energy models can be found in the review written
by Jebaraj and Iniyan [2].

Among renewable energy sources, biomass has the highest potential to adequately respond
to energy requirements from modern society of both developed and developing countries
[3]. Biomass is a term for all organic material originated from plants which convert sunlight
into plant material through photosynthesis. The term includes all land- and water-based
vegetation, as well as all organic wastes. Therefore, biomass resource is the organic matter,
in which the energy of sunlight is stored in chemical bonds [4]. Renewable energy is of
growing importance in responding to concerns over the environment and the security of
energy supplies. In this context, biomass provides the only renewable source of fixed
carbon, which is an essential ingredient of our fuels [3]. Biomass can be converted in
different forms of useful energy and the literature presents some works especially dedicated
to the technologies of biomass conversion [5] including thermochemical conversion
processes [6]. The conversion process and its efficiency are influenced by the composition of
biomass. Therefore its knowledge is important to select the more appropriated conversion
process. A complete discussion about biomass composition and its variability is presented
by Vassilev et al [7].
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In despite of the advantages of biomass as energy source, some discussions have been done
about the potential environmental damages associated with mega-scale biomass production
and there are some concerns about its competition with food production [8-11]. These
discussions are very important and must be encouraged in scientific community, because
they have an important role for the development of responsible, efficient and
environmentally correct energetic policies. In the same direction of these discussions, some
authors have worked aiming to decrease NO, emissions of oxygenated biofuels such as
biodiesel and ethanol being this subject reviewed by Rajasekar et al [12]. In despite of the
concerns associated with global use of biomass to produce energy, there is a consensus in
scientific community that if biomass is efficiently produced and processed and if responsible
energetic policies are adopted, biomass will represent a very important global source of
energy in the future [13]. There are three main political concerns driving bioenergy
production today: energy security, global climate change trends and rural incomes [1].
Therefore, bioenergy production involves important sectors of our society such as
agricultural, commercial, environmental and industrial. Thus, the efficient and
environmentally compatible development of bioenergy requires a stronger emphasis on
inter-disciplinary research as stated by Petersen [1].

Bioenergy is especially attractive for tropical or subtropical developing countries because
they present ideal climatic conditions to produce biomass. Besides environmental
advantages, the use of bioenergy in these countries has also economical advantages because
it minimizes their needs of imported petroleum. Some authors present revisions about the
use of bioenergy in some developing countries such as Taiwan [14] and Mexico [15] and an
interesting discussion about regional added value provided by regional biomass sources is
presented by Hoffmann [16]. Bioenergy can be used in three ways: production of liquid
transportation fuels, heating and electricity generation. It presents some advantages when
compared with other renewable energy sources. For example, bioenergy can be produced
continuously in contrast to intermittent wind and solar sources. Moreover, biomass is the
only source of high grade renewable heat. However, the possibility of to obtain renewable
transportation liquid fuels is the most attractive feature of biomass and a very important
application of bioenergy nowadays [17].

Transportation is one of the most energy-consuming activities in modern society. According
to International Energy Agency statistics, this sector is responsible for 60% of the world’s
total oil consumption [18]. Transportation is also almost completely dependent on
petroleum-based fuels such as gasoline and diesel [19]. Therefore, transportation sector is
very sensible to the several economic limitations associated to petroleum such as its
geographically reduced availability and instability of price. In addition, petroleum-based
fuels are highly pollutant and nowadays petroleum-based motor vehicles are responsible for
more than 70 % of global carbon monoxide emissions and 19 % of global dioxide carbon
emissions [18]. These facts clearly show the importance of decreasing the usage or replacing
petroleum-based fuels in a near future. Liquid biofuels for transportation have recently
attracted attention of different countries due their characteristics such as renewability,
sustainability, common availability, regional development, rural manufacturing jobs,
reduction of greenhouse gas emissions and biodegradability [20].

The term biofuel is referred to solid, liquid or gaseous fuels that are predominantly
produced from biomass. Biofuels include bioethanol, biobutanol, biodiesel, vegetable oils,
biomethanol, pyrolysis oils, biogas and biohydrogen. Among biofuels, bioethanol and
biodiesel are by far the most used nowadays and many scientists agree that they have
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potential for replacing petroleum-based fuels [20]. Therefore, it is expected that the demand
for biofuels will rise drastically in a near future. Some governmental actions in different
countries support this statement. For example, nowadays bioethanol derived from corn
responds by approximately 2 % of the total transportation fuel in USA and another 0.01 % is
based on biodiesel. The USA Department of Energy has set ambitious goals to replace 30 %
of the liquid petroleum transportation fuel with biofuels by 2025 [21]. In this context, there
are no doubts that biofuels, mainly bioethanol and biodiesel, will play a very important
place in the worldwide energetic policies.

This text is dedicated to the quality control of liquid automotive biofuels by using
electroanalytical techniques. Presented discussions will be restricted to bioethanol and
biodiesel, the most used transportation liquid biofuels nowadays. More general discussions
about biofuels can be found in the literature [22] including the production of other biofuels
[23,24], technologies for biofuel production [25,26] economic [27] and environmental [28,29]
aspects related to biofuels.

1.1 Bioethanol and biodiesel

Bioethanol is by far the most widely used biofuel for transportation worldwide. Production
of bio-ethanol from biomass is one way to reduce both consumption of crude oil and
environmental pollution [18]. Besides these advantages, bioethanol has a higher octane
number, broader flammability limits, higher flame speeds and higher heats of vaporization,
which lead to theoretical efficiency advantages over gasoline in a combustion engine [18].
USA and Brazil are, respectively, the two largest producers of bioethanol. USA have
surpassing Brazil since 2005 and in 2008 there were 136 ethanol plants in USA which are
able to produced 7.5 billion gallons of ethanol annually [30]. Brazil was pioneering in the
usage of bioethanol for transportation in large scale, starting in 1975 when the National
Alcohol Fuel Program (ProAlcool) was initiated. ProAlcool was a response from Brazilian
government to petroleum crises occurred in 1973. Ethanol fuel was firstly used in Brazil in
its anhydrous form as an additive for gasoline and its use has banned lead from Brazilian
gasoline. Nowadays, besides the use of anhydrous ethanol as additive, hydrated ethanol is
used as fuel in its pure form or blended with gasoline in any proportion in flex-fuel engines.
The large scale use of bioethanol has brought several advantages to Brazilian society,
including reduced dependence of imported petroleum, jobs generation, acceleration of rural
economy, developing of production technologies besides environmental advantages such as
substantial reduction of GHG emissions. The interior of Sdo Paulo State is one of the most
rich and developed areas in Brazil. In this region, ethanol production is the main
agricultural and industrial activity which demonstrates the positive impact of ethanol usage
in Brazilian economy.

Most of the bioethanol produced in the world derives from plant juice containing sucrose
from sugarcane in Brazil and starch from corn in the United States [31]. Ethanol can also be
produced from sugars derived from lignocellulosic material by hydrolysis of the cell wall
using enzymes, physical and chemical treatments. Ethanol obtained for this process is called
second generation ethanol. The efficiency of the lignocellulose conversion process has not
yet proven to be economical, but second generation ethanol is a highly desired goal because
it could significantly broaden the choice of feedstock which would contribute to avoid
competition between ethanol and food production. Several aspects of bioethanol production
are discussed in literature including technologies to produce anhydrous ethanol [32],
biotechnological procedures [33], alternative feedstocks [34], pretreatments for efficient
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enzymatic hydrolysis [35] and works totally devoted to second generation bioethanol [36-
39].

Biodiesel is the second most used liquid biofuel worldwide. It is obtained from renewable
sources such as vegetable oils and animal fats. Its biodegradability, nontoxic nature and low
emissions profile are the main attractive features of this biofuel [40]. The performance of
biodiesel as transportation fuel is very similar to petrodiesel [41], which makes biodiesel the
only biofuel potentially able to replace petrodiesel. Some characteristics of biodiesel such as its
low sulfur content and its lubricating property make it a fuel even better than petrodiesel [41].
However, before the use of biodiesel as a fuel in its pure form some of its properties must be
improved such as its viscosity, oxidation resistance and crystallization temperature [42].
Germany and France are the largest producers of biodiesel [43] being Europe responsible for
70 % of the biodiesel produced in the world. European biodiesel production has drastically
increased from 1998 to 2008. In this period, biodiesel production grew from 475 thousand
tons to 16 million tons [42]. In USA the production of biodiesel has increased from 2 million
gallons to 700 million gallons in the period 2000-2008. A significant increase on biodiesel
fuel market is expected not only in developed but also in developing countries such as
China, Brazil, Indonesia and Malaysia [42]. Nowadays the main usage of biodiesel is as an
additive to petrodiesel forming blends containing 5-10 % of biodiesel [42]. The percentage of
biodiesel depends on regulatory legislation of each country and there is a global tendency in
to increase biodiesel contents in these blends.

Biodiesel is produced by a transesterification reaction between triacylglycerides from
renewable biological resources, such as plant oils or animal fats and a short-chain alcohol
such as methanol or ethanol. Therefore, biodiesel is a mixture of monoalkyl esters of fatty
acids (mostly methyl or ethyl esters) [42]. The main side product in the production of
biodiesel is glycerin which after additional purification could be used in perfumery,
medicine, and in the microbiological synthesis of ethanol, succinic acid, etc. [42]. There are
three main transesterification processes that can be used to produce biodiesel: base-
catalyzed, acid-catalyzed and enzyme-catalyzed transesterification [43]. The raw material
used as oil source for biodiesel production includes edible and non-edible oils, algae, waste
cooking oil, etc. [41]. There are several vegetable oils used as raw material for biodiesel
production. In the United States and Brazil soybean oil is a source that is already scaled up
for biodiesel production. Nevertheless, other sources, such as rapeseed (in Europe),
sunflower, peanut, cotton, palm oil, coconut, babassu, and especially castor oil, may also be
used in different parts of the world once their cultivation can achieve an economic up-
scaling [43]. The use of edible oil and arable food land to produce biodiesel is very
controversial and it has been considered the main drawback of biofuels. Thus there is a huge
interest in the use of alternative raw materials for biodiesel production. Several scientists
have worked to develop new producing processes in which algae can be used as raw
material [44,45]. However, several challenges need to be overcome in order to make possible
the commercial production of biodiesel from algae at a scale sufficient to make a significant
contribution to our transport energy needs.

1.2 Quality control of biofuels

According to discussed in previous sections, the importance of biofuels for world energetic
future is evident. Therefore, the assurance of the properties and quality of biofuels is a key
aspect to their successful commercialization and market acceptance. Besides economic aspects,
the quality of biofuels has implications over environmental aspects since some contaminants
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can lead to severe operational problems which can increase the emissions levels of engines
using biofuels or reduce the efficiency of the biofuel. Moreover, some contaminants can
accelerate undesirable reactions leading to storage instability. The composition of biofuels is
highly variable because of several factors such as variability of raw materials, influence of
climate and soil, transportation and storage method, etc. This fact reinforces the importance of
rigid international technical specifications able to guarantee uniform quality parameters for
biofuels produced in different regions. However, technical specifications are not the only
requirement for an efficient quality control. The quality control of biofuels depends also on
reliable official analytical methods and certified reference materials. Reliable official analytical
methods are the tool responsible to guarantee that technical specifications are obeyed while
certified reference materials are extremely important to validate and check the performance of
both official and new analytical methods [46].

Quality control of biofuels is a complex and interdisciplinary issue that represents a real
challenge to our society. In order to respond to this challenge there are necessary integrated
actions involving scientific and political sectors. International integrated actions seem to be
the best way to assure the homogeneity of the quality of biofuels produced in different
regions of the world. Fortunately, these actions are in progress since 2007 when Brazil,
European Union (EU) and USA, the three largest biofuels producers, elaborated a White
Paper on internationally compatible biofuel standards issued by a tripartite task force. USA,
EU and Brazil agree that there are different standards for biofuels which were known to be
an obstacle to the free circulation of biofuels among the three regions. It is stated on the
White Paper that the participants agree to promote, whenever possible, the compatibility of
biofuels-related standards in their respective regions. Such compatibility would not only
facilitate the increasing use of biofuels in each of the regional markets, but also would
support both exporters and importers of biofuels by helping to avoid adverse trade
implications in a global market [47].

The subsequent subsections of this work will be focused in the contribution of analytical
chemistry for quality control of bioethanol and biodiesel. Especial attention will be addressed
to official analytical methods and technical specifications adopted by EU, USA and Brazil.
Some attention will be also addressed to alternative non-electrochemical analytical methods.
Despite this work is centered on electroanalytical methods, some references about other
analytical techniques will be included in order to provide additional material for readers
interested in more general aspects of analytical chemistry of bioethanol and biodiesel.

1.2.1 Bioethanol quality control

The main bioethanol producers have important regulatory agencies which are responsible to
implement technical specifications and official norms for quality control of bioethanol. In
Brazil, the agency responsible for the inspection and commercialization rules of all fuels is
ANP (National Agency of Petroleum, Natural Gas and Biofuels). ANP resolutions establish
criteria of quality control using Brazilian Norms (NBR) which are defined by ABNT
(Brazilian Association of Technical Norms). In USA and EU the quality of bioethanol is
regulated, respectively, by ASTM (American Society for Testing and Materials) and ECS
(European Committee for Standardization). ECS resolutions are ruled by European Norms
(EN). Technical specifications adopted in EU, USA and Brazil regulate some physical
properties of bioethanol, such as appearance and density and also the content of some
organic and inorganic species. The complete list of technical specifications adopted by the
three main producers of bioethanol is presented in Table 1.
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USA Brazil EU
) ASTM
Quality parameter ASTM D4806-10 ANP36/2005 ANP36/2005 EN15376-07
D4806-10  Undenature Anhydrous  Hydrous
d
Appearance Clear & Clear & Clear & no Clear & no Clear &
PP Bright Bright impurities  impurities Bright
Dye
Dye allowed, Dye allowed, mand'fated Dye: Dye allowed,
mandated for in prohibited
Color but not ] but not
but not country, but for in
mandated mandated
mandated not for country
export.
Maximum density at
20°C, kg/m? ——— ———- 791.5 807.6 ———
Maximum electrical
conductivity, pS/m T T 500 500 o
Maximum acidity,
0.007 0.0074 0.0038 0.0038 0.007
mg/L
pHe 6.5-9.0 6.5-9.0 - 6.0-8.0 Dropped
Minimal ethanol
Content, voL.% 92.1 93.9 99.6 ———- [96.8]
Minimal ethanol +
C3-C5 saturated
alcohols content, o [98.4] o o %88
vol. %
Minimal total
Alcohol content, - [98.95] 99.6 95.1 [99.76]
vol. %
Maximum saturated
C3-C5 alcohols - [4.5] - - 2.0
content, vol. %
Maximum water
content, vol.% 1.0 1.05 [0.4] [4.9] 0.24
Maximum methanol 0.5 0.53 L . 10
content, vol.%
Minimal/Maximum No No No Set by
denaturant content, 1.96/5.0 country
o denaturant denaturant denaturant
vol% 0/1.3
Maximum
Hydrocarbons - e 3 3 ----
content, vol.%
Maximum solvent-
washed gum content, 5.0 53 ---- -—-- -

mg/100 mL
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Maximum gum or
residue by 5 (washed 5.3 (washed 5 10
evaporation, gum) gum) o (unwashed) (unwashed)
mg/100mL
Maximum sulfate
content mg/kg
Maximum chloride
content mg/kg
Maximum sodium
content mg/kg
Maximum copper
content, mg/kg
Maximum iron
content, mg/kg
Maximum
phosphorus content, - - - - 0.5
mg/L
Maximum sulfur
content, mg/kg
Numbers in [ ] are calculated estimates and not specified limits

Table 1. Ethanol specifications adopted in USA, Brazil and EU [47]

Table 1 shows that technical specifications are very similar in the three regions and therefore
they do not constitute serious commercial barriers. On the White Paper, technical
specifications were classified in three groups: Category A - similar specifications; Category
B - specifications with significant difference but which can be aligned and Category C -
specifications very different which can not be aligned in short term. Among the ethanol
technical specifications, only water content was classified in category C, thus if Brazil and
USA exporters wish to supply EU market additional drying will be required [47]. The
similarity on technical specifications will be improved even more, since these three regions
are working together in this direction since 2007. This will significantly contribute to
homogenize the quality of bioethanol produced in different regions which is very important
to the consolidation of this fuel as an important product in the global market.

Regulated parameters are those able to seriously compromise the general quality of
bioethanol causing economical or environmental damages. For example, high values of
acidity, conductivity, water content and extreme pH values can intensify the corrosion
power of ethanol. Therefore, if these parameters are not properly regulated, ethanol fuel
could cause fast deterioration of metallic components present in the production process,
transportation, storage and engines using ethanol fuel. Some chemical species such as
sodium, chloride and sulfate are also able to intensify the corrosion power of ethanol and,
therefore, they must be regulated as well. Copper and iron can catalyze polymerization
reactions in blends ethanol-gasoline; these reactions promote the formation of gum and
sediments which seriously affects the performance and cause several damages in the engine
and fuel injection system. Sulfur constitutes an example of contaminant able to increase the
emission level of ethanol fuel, since after combustion it is converted in SO, which are
released for atmosphere, thus the regulation of sulfur content is important from
environmental concerns.

4 4.2 4

40 421 - 1 25

— - — 2 1

0.1 0.105 0.07 - 0.1

— — — 5 —

30 5 10
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Regula.ted Official Analytical Method Technical Norm
Specie
Chloride Ion Chromatography ASTM D7319-09
NBR 10894-07
EN 15492-08
Sulfate Ion Chromatography ASTM D7319-09
NBR 10894-07
EN 15492-08
Sodium Flame Photometry NBR 10422-07
EU and USA have no specification
Copper Atomic Absorption Spectroscopy ASTM D1688-07
(AAS) NBR 11331-07
EN 15488-07
Iron Atomic Absorption Spectroscopy NBR 11331-07
EU and USA have no specification
Sulfur X-ray Fluorescence Spectrometry ASTM D2622-10
(USA)
Ultraviolet Fluorescence* (USA) ASTM D5453-09
X-ray Fluorescence Spectrometry EN 15485-07
(EU)
Ultraviolet Fluoresce (EU) EN 15485-07
Brazil has no specification
Phosphorous Spectrophotometry (EU)* EN 15487-07
Brazil and USA have no
specification
Methanol Gas Chromatography (EU and USA) ASTM D5501-09
EN 13132-00
Brazil has no specification
C3-C5 alcohols Gas Chromatography (EU) EN 13132-00
Brazil and USA have no
specification

* After reaction with ammonium molybdate

Table 2. Official analytical methods adopted in Brazil, USA and EU for quantification of
some inorganic and organic contaminants of bioethanol [47,49]
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To ensure that required technical specifications are fulfilled there are necessary reliable
official analytical methods and their development constitutes the main contribution of
Analytical Chemistry community to bioethanol quality control. Official analytical methods
are established by technical norms which specify all conditions of analyses including
analytical technique, sample pretreatment, calibration procedure, etc. The main analytical
official methods used to regulate the content of inorganic and organic contaminants in
bioethanol fuel are presented in Table 2.

From Table 2 it can be observed that official analytical methods adopted for bioethanol
quality control are predominantly instrumental ones, which are usually characterized by
high analytical performance showing high sensitivity, selectivity and analytical frequency.
Most of technical norms are very recent and they present updated analytical methods. In the
last five years it was observed an impressive evolution in some specifications. For example,
sulfate specification was initially based on a gravimetric method, afterwards a volumetric
method was adopted and more recently the official analytical method adopted by Brazil, EU
and USA is based on ion chromatography, a very modern and reliable analytical technique.
Chloride analytical official method has also evolved from volumetric for an ion
chromatography method which is also adopted by the three regions [46]. The use of modern
instrumentation and analytical techniques is important to ensure that precise and exact
analytical data will be obtained which is the basis for a reliable quality control. On the other
hand, the use of modern and more expensive analytical instrumentation usually faces
resistance from producers who believe these investments are unnecessary. Regulatory
agencies has fulfilled they role to overcome such resistances by adopting high performance
and modern analytical method for the quality control of bioethanol. This is very important
in order to guarantee that ethanol will take its place as a key global product in a very near
future.

Although bioethanol technical specifications are modern, they still have some problems
which have attracted the attention of several researches. Spitzer et al [48] have presented a
very interesting discussion about pH and conductivity determination in ethanol fuel
including metrological problems associated with these parameters. High ethanol and low
water containing solutions typically lead to difficulties in pH determination with unstable
readings, long response times and device depending results. These are indications for low
conductivity of the sample, dehydration of the glass electrode membrane and large junction
potentials. Due to a lack on ethanol based reference buffer solution, the pH electrode in all
test methods is calibrated in aqueous standard buffer solutions which is still far from being
satisfactory. Therefore, worldwide harmonization in pH and conductivity measurement
practices is urgently needed for reliable results as stated by Spitzer et al. [48].

Another limitation of bioethanol technical specifications is that they contemplate only a few
numbers of chemical species. For example there is no specification for acetaldehyde which is
a well known ethanol fuel contaminant. Higher aldehydes which can decrease ethanol
storage stability are not regulated as well. This fact has encouraged many scientists to
develop alternative analytical methods for quantification of several chemical species in
ethanol fuel. Most of these alternative analytical methods are instrumental ones and they
bring interesting refinements in bioethanol analysis. The most complete work about
alternative analytical methods for bioethanol fuel analysis was written recently by Oliveira
et al [49]. This work revises the main advances in the quantification of organic and inorganic
species in ethanol fuel by using modern analytical techniques. From this work it can be
concluded that gas chromatography is predominant for the quantification of organic
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contaminants in bioethanol followed by high performance liquid chromatography (HPLC).
Atomic spectroscopy techniques are the most used for the quantification of cationic
inorganic contaminants of bioethanol. For analysis of anionic inorganic it is observed a large
variety of analytical methods such as electrophoresis, UV-spectroscopy, besides
potentiometric and conductometric methods. Since Oliveira’s work provides a very
comprehensive and recent revision about the use of modern alternative analytical methods
for analysis of bioethanol, this topic will not be covered here.

1.2.2 Biodiesel quality control

The same regulatory agencies responsible for bioethanol specifications in Brazil, EU and
USA are also responsible for specifications of biodiesel in these three regions. As stated
previously, biodiesel is produced from a transesterification reaction between a vegetal oil or
fat and an alcohol, mainly methanol or ethanol in presence of a catalyst, usually a strong
base such as sodium or potassium hydroxide. The transesterification reaction plays a crucial
role for the final quality of biodiesel because side products, residues of catalyst and reagents
are the main sources of contamination of the final product. Besides glycerol, the main side
product of transesterification reaction, mono-, di- and triacylglycerol can be also formed
since this reaction is a stepwise process [50]. Therefore, the content of glycerols in biodiesel
must be limited by specification since these species brings several operational problems
causing loss of efficiency and damages in the engines. Besides glycerols other contaminants
are introduced in the transesterification step such as Na, K, free fatty acids and alcohols and
all of them have deleterious effect on final quality of biodiesel. Therefore these species are
regulated by technical specifications. The complete list of specifications of biodiesel adopted
in Brazil, EU and USA is presented in Table 3.

Biodiesel specifications adopted in Brazil and USA are applicable for both fatty acid methyl
esters (FAME) and fatty acid ethyl esters (FAEE), whereas the current European biodiesel
standard is only applicable for FAME. Also, the specifications for biodiesel in Brazil and
USA are used to describe a product that represents a blending component in conventional
petroleum based diesel, while the European biodiesel standard describes a product that can
be used either as a stand-alone diesel fuel or as a blending component in conventional
petroleum based diesel [47]. Taking into consideration these facts it is not surprising that
there are some significant differences among the sets of specifications adopted in Brazil, EU
and USA as can be observed in Table 3.

Table 3 clearly shows that biodiesel specifications are not so closely aligned in the three
regions as bioethanol specifications. Contrasting with bioethanol, biodiesel is not a single
compound but it is a mixture of fatty acids esters which makes biodiesel more complex than
bioethanol. In addition, biodiesel can be produced via methylic or ethylic route, originating
two chemically different kinds of biodiesel: FAME and FAEE mixtures. These features
associated with the fact of biodiesel is produced from several types of feedstock on different
regions also lead to significant variations in the performance and characteristics of the final
product making a very hard challenge to develop a common set of specifications for biodiesel
produced in different regions. On the White Paper, the biodiesel tripartite task force has
identified ten specifications classified in category C [47], which demonstrates a significant
divergence in specifications and properties of biodiesel produced in the three regions. This
could be seen as a strong impediment to trade. However, in most of the cases, it is possible to
meet different regional specifications by blending various types of biodiesel to achieve the
desired quality and specifications [47] which drastically minimize trade problems.
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Limits
Quality parameter USA EU Brazil
Units ASTM EN14214/2003 ANP 07/2008
D6751/2003
Ester Content % mass - 96.5 mina 96.5 min
Density at 15 °C Kg/m?3 ---- 860-900 -
Density at 20 °C Kg/m?3 ---- ---- 850-900
Kinematic viscosity at 40 °C mm?2/s 1.9-6.0 3.5-5.0 3.0-6.0
Distillation Temperature, 90 % oC 360 maxb L 360 max
Recovered
Oxidation Stability, 110 °C hours 3.0 min 6.0 min 6.0 min
Flash Point °C 130.0 min 120 min 100 min
Cetane Number 47 min 51 min Report
Cloud Point °C Report - -
5 max (Grade A)
0 max (Grade B)
Cold Filter Plugging Point °C - __150?;12 (ngiii(g) 19 max
-15 max (Grade E)
-20 max Grade F)
Total Contamination mg/Kg - 24 max 24 max
Carbon Residue (on 100 % sample) % mass  0.050 max - 0.050 max
Acid Number mg KOH/g  0.50 max 0.50 max 0.50 max
Water and Sediment % volume 0.050 max -—-- 0.050 max
Water Content mg/Kg -—-- 500 max 500 max
E tﬁiﬁf gi))lnfc);nt % mass  0.20 max 0.20 max 0.20 max
Free Glycerol % mass  0.02 max 0.02 max 0.02 max
Monoacylglycerol Content % mass = 0.80 max Report
Diacylglycerol Content % mass - 0.20 max Report
Triacylglycerol Content % mass e 0.20 max Report
Total Glycerol % mass  0.24 max 0.25 max 0.25 max
Linolenic Acid Methyl Ester % mass —ame 12.0 max ~eee
Polyunsaturated Methyl Ester % mass - 1 max -
Iodine Value gl/100 g - 120 max Report
Sulfated Ash % mass  0.020 max 0.02 max 0.02 max
Na +K mg/kg 5 max 5 max 5 max
Ca+ Mg mg/kg 5 max 5 max 5 max
Copper Strip Corrosion Rating Class 3 Class 1 Class 1
Phosphorous Content % mass  0.001 max 0.0010 max 0.0010 max
Sulfur Content mg/Kg 15/500 max 10 max 50 max

aMinimal value necessary, "Maximum value allowed

Table 3. Biodiesel specifications adopted in USA, Brazil and EU [47]
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Another consequence of the higher complexity and variability of the chemical composition
of biodiesel is the need of a large number of specifications for chemical contaminants. This is
necessary because biodiesel presents more chemical species together which increases the
possibility of chemical processes able to compromise the quality of this biofuel. For example,
free glycerol may separate from biodiesel and to accumulate on the bottom of storage
containers or vehicle fuel tank attracting other polar components such as water,
monoglycerides and soaps. These agglomerates can result in damage to the vehicle fuel
injection system due to impairment of fuel filters. Alkali and alkali-earth are also able to
damage engines and fuel injection systems because they can promote the formation of ash
and soaps. Alkali metals are introduced in biodiesel composition from alkali catalyst residue
while alkali-earth metals can be introduced from hard washing water [47]. The content of
ethanol or methanol is another very important specification because these alcohols can
significantly accelerate corrosion of metallic components of engines; they can cause adverse
effects on injectors due to its high volatility and low lubricity [47]. The corrosion power of
biodiesel can be also increased by the presence of excess of free acids, which is expressed by
the acid number. This parameter is also useful to indicate the degree of fuel ageing during
storage because the acid number increases due biodiesel degradation promoted mainly by
esters hydrolysis reactions, originating free fatty acids. Thus, acid number is a very
important quality parameter which is limited by technical specifications in Brazil, EU and
USA. The ability of biodiesel to cause corrosion of copper, zinc and bronze parts of the
engine and the storage tank is evaluated by the copper strip corrosion. To determine this
quality parameter, a copper strip is heated to 50°C in a biodiesel bath for three hours, and
then compared to standard strips to determine the degree of corrosion. This corrosion
resulting from biodiesel might be induced by some sulfur compounds and by acids, so this
parameter is correlated with acid number [47]. Water is other important chemical
contaminant of biodiesel because high water contents promote biological growing, causing
slime formation compromising fuel filters and lines in production systems. Moreover, high
water contents promote biodiesel hydrolysis reaction originating free fatty acids, increasing
the acid number and the corrosion power of biodiesel. Therefore, water content is directly
related to storage stability of biodiesel since water is able to degrade biodiesel by hydrolysis
reaction. A review of the test methods used to evaluate the stability of biodiesel was recently
written by Jain and Sharma [51]. Other chemical contaminants whose contents are limited
by specifications are phosphorus and sulfur. Phosphorus can reduce the efficiency of
exhaust catalytic system of vehicles and sulfur increases the SO, emissions [47]. Therefore,
both contaminants cause environmental damages and their contents must be regulated.

Some of the specifications of biodiesel (Table 3) are indicative of its purity such as ester
content, density, distillation temperature and total contamination [47]. Other specifications
are directly related to biodiesel performance as fuel. For example, the cetane number
describes biodiesel propensity to combust under certain conditions of pressure and
temperature. High cetane number is associated with rapid engine starting and smooth
combustion. Low cetane number causes deterioration in this behavior and causes higher
emissions of hydrocarbons and particulate. In general, biodiesel has slightly higher cetane
number than fossil diesel. Cetane number increases by increasing length of both fatty acid
chain and ester groups, while it is inversely related to the number of double bonds [47]. The
number of double bonds can be evaluated by the iodine number, linolenic acid methyl ester
and polyunsaturated methyl ester content and also by oxidation stability. Kinematic viscosity
is another important quality parameter for fuels because high viscosity compromises the
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spray injected in the engine and at low temperatures high viscosity can damage fuel pumps.
Flash point is a measure of flammability of a fuel and therefore it is an important safety
criterion in transport and storage. Flash point values for biodiesel are usually double those
observed for petroleum-based diesel which represents a safety advantage of biodiesel [47].
Thus, the set of biodiesel specifications adopted in Brazil, EU and USA are able to guarantee
both the purity and the suitable performance of biodiesel. More detailed discussion about
ASTM and EN technical specifications can be found in the literature [50,52].

Analytical official methods used for the determination of the content of the main inorganic
and organic contaminants of biodiesel are presented in Table 4.

From Table 4 it can be observed that official analytical methods adopted for biodiesel
quality control are also predominantly instrumental ones. The complexity of biodiesel
requires highly selective and sensitive analytical methods, because there are several
chemical species together in the sample and the contaminants are minor components of
biodiesel, therefore they must be reliably quantified even at low concentrations. These
requirements are filled only by instrumental analytical methods. Analogously to the
observed for bioethanol, technical specifications of biodiesel are very modern and they are
based on updated instrumental analytical methods. From Table 4 it is possible to observe
that gas chromatography is the only analytical technique used for quantification of organic
contaminants of biodiesel. For the quantification of inorganic contaminants, there is
predominance of atomic spectroscopic methods, which are characterized by extremely high
selectivity and sensitivity. Despite the extremely high analytical performance of ICPOES, the
high instrumental costs and the needing of highly specialized operators are strong
limitations for its use in routine analysis. In order to minimize problems associated with
very expensive analysis, there are still active technical norms for inorganic contaminants
based on AAS, a high sensitive, selective and instrumentally simpler technique than
ICPOES. Therefore, for quantification of Na, K, Ca and Mg technical regulation adopted in
Brazil, EU and USA allows the use of both techniques.

There are two very important works about analysis of biodiesel: the review written by
Knoth in 2006 [50] and the review written by Monteiro in 2008 [52]. A more recent review
about quality and analytical methods for biodiesel analysis was written by Lobo et al [53] in
2009. All these works bring comprehensive discussions about both official and alternative
analytical methods employed for biodiesel analysis. From these works it is possible to
conclude that organic contaminants of biodiesel are quantified mainly by gas
chromatography (GC), which is the base not only of official but also of alternative analytical
methods. Alternative GC-based methods have been also used for monitoring the
transesterification reaction [52]. Flame ionization detector (FID) is the most used detection
system for GC-biodiesel analysis; however the use of coupled mass spectrometer (MS) has
increased lately. This detection system significantly increases the identification power of
GC, avoiding ambiguities about the chemical nature of the eluting species [52]. Recent
approaches for development of GC-based alternative analytical methods include the use of
ethyl oleate as internal standard for glycerol determination [54], the use of ionic liquid as
stationary phase for determination of FAME in diesel blends [55] and the determination of
polyunsaturated FAMEs with wax capillary column using methyl tricosanoate as internal
standard. [56]. Two-dimensional gas chromatography has also been successfully used for
analysis of diesel blends [57] and for determination of fatty acid mixtures composition [58].
These methods have brought interesting advances on determination of organic
contaminants of biodiesel.

www.intechopen.com



464

Applications and Experiences of Quality Control

Regulated Specie

Analytical Official Method

Technical Norm

Water + Sediment

Water

Methanol or Ethanol

Free Glycerol

Total Glycerol

Linolenic Acid Methyl
Ester

H* (acid number)

Na + K

Ca + Mg

www.intechopen.com

Centrifugation

Karl Fisher (Coulometry)

Gas Chromatography

Gas Chromatography

Gas Chromatography

Gas Chromatography

Potentiometric Titration

Visual indicator Titration

Atomic Absorption Spectroscopy

Inductively Coupled Plasma Optical
Emission Spectroscopy (ICPOES)

Inductively Coupled Plasma Optical
Emission Spectroscopy

Atomic Absorption Spectroscopy

ASTM D2709-96

EN 12937-01
ASTM D6304-07

EN 14110-03
NBR 15343-08

ASTM D6584-10
EN 14105-03
EN 14106-03

NBR 15341-06
NBR 15771-09

ASTM D6584-10
EN 14105-03
NBR 15344-10

EN 14103-03

ASTM D664-09
NBR14448-09

EN 14104-03

EN 14108-03
EN 14109-03
NBR 15554-08
NBR 15555-08
uoP* 391

EN 14538-06
NBR 15553-08

EN 14538-06
NBR 15553-08

ASTM D4951-09
EN 14107-03
NBR 15556-08
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Phosphorus Content Inductively Coupled Plasma Optical ASTM D4951-09
Emission Spectroscopy EN 14107-03
NBR 15553-08
Sulfur Content Ultraviolet Fluorescence Spectrometry ASTM D5453-09
EN 20884-10
EN 20846-10

* Universal Oil Products

Table 4. Official analytical methods adopted in Brazil, USA and EU for quantification of
some inorganic and organic contaminants of biodiesel [47]

Liquid chromatography (LC) methods are less common than GC for quantification of
organic contaminants of biodiesel. However, according to some authors, HPLC methods are
able to provide short time analysis with no need of chemical derivatisation. HPLC is very
useful to study the transesterification reaction because it is compatible with gradient elution,
which is necessary to the efficient separation between mono-, di- and triacylglycerols [50,52].
Santori et al [59] have proposed a liquid chromatographic method which successfully
enables the monitoring of transesterification reaction. Other recent examples of biodiesel
analysis by LC methods include determination of acylglicerols, free fatty acids and FAME
by size exclusion chromatography [60] and determination of ester in glycerol phase after
transesterification by a RP-LC method [61].

Besides chromatographic methods, some spectroscopic techniques have been also used to
study the transesterification reaction and to determine organic contaminants in biodiesel.
Among these methods, nuclear magnetic resonance (NMR) and Fourier transform infrared
(FTIR) spectrometry are the most commonly employed [52]. NMR was successfully used by
Nagy et al [62] to evaluate both the yield of transesterification and the overall quality of
biodiesel by a procedure based on glycerol hydroxyl phosphitylation followed by 3'P-NMR
analysis. Other applications of NMR to biodiesel analysis include determination of biodiesel
levels in blends [63]; determination of free fatty acids [64] and FAME [65] in biodiesel
samples and also evaluation of the biodiesel preparation process [66]. An analytical method
using FTIR spectroscopy has been developed by Mahamuni and Adewuyi [67] to determine
biodiesel content in the reaction mixture, which allows to monitor the transesterification
reaction. Moreover, this method could be successfully employed to determine the biodiesel
content in petrodiesel-biodiesel blends. These authors have also shown that small
modification in the analytical method enables its application to detect biodiesel adulteration
with soy oil. Chuck et al [68] have performed an interesting study by using three analytical
techniques: UV, FTIR and refractive index to analyze the chemical identity of biodiesel and
its content in blends. These authors have concluded that FTIR is suitable to determine
biodiesel content in biodiesel-petrodiesel blends while refractive index is very useful to
determine the biodiesel identity. These authors also concluded that UV Spectrophotometry
can be successfully used for determination of total amount of polyunsaturated esters in
samples of B100 biodiesel.

An interesting advance in biodiesel analysis was introduced by Abdelnur et al [69]. These
authors have described a very simple and efficient alternative method for biodiesel
typification by using mass spectrometry. This method allowed the analysis of biodiesel
without necessity of any sample pretreatment which is a great advantage over most of
official and alternative analytical methods. Another example of using mass spectrometry for
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biodiesel analysis can be found in the work by Prates et al [70]. These authors have
combined mass spectrometry with multivariate calibration to analyze biodiesel-petrodiesel
blends. The proposed method was a simple, fast and reliable way for quantification of
biodiesel in fuel blends.

Some authors have used Flow Injection Analysis (FIA) systems to analyze biodiesel. Pinzi et
al [71] have proposed a FIA method with spectrophotometric detection based on
determination of free and bound glycerol to monitor biodiesel production. This method was
based on liquid-liquid extraction of glycerol from the biodiesel to an aqueous ethanolic
phase in which glycerol was oxidized to formaldehyde with meta periodate with
subsequent reaction with acetylacetone. The reaction product was photometrically
measured at 410 nm. The analytical performance of the proposed method was compared
with EN 14105 technical norm at a 95 % confidence level and no statistical difference
between the results obtained by both methods was observed. The main advantages of the
proposed method are: high analytical frequency, low cost (compared with GC and HPLC)
and minimizing of sample handling. Rio et al [72] have used a Sequential Injection Analysis
(SIA) based flow titration to determine the total acidity of biodiesel samples. A diode array
spectrophotometric detector was used linked to chemometric tools. The results obtained
with the proposed method were in good agreement with those obtained by official
analytical methods, demonstrating the reliability of the method. Moreover, the use of a SIA
method helps to reduce the amounts of sample, reagents and time consumed.

Analysis of inorganic contaminants of biodiesel has been performed mainly by atomic
spectrophotometric methods and several recent works about it are available in the literature.
Lyra et al [73] have used flame atomic absorption spectrometry (FAAS) to develop an
analytical method for quantification of Na, K, Ca and Mg in biodiesel samples. In order to
overcome problems associated with the high viscosity of biodiesel, the authors have
prepared a microemulsion as sample pretreatment procedure. This procedure has allowed
the reliable quantification of the metallic species in biodiesel, which was demonstrated by
the concordance between the results obtained by the proposed method and those obtained
by the official NBR 15556 technical norm. The preparation of a microemulsion was also
successfully used by Jesus et al [74] for determination of Ca and Mg in biodiesel samples by
FAAS. The use of microemulsions is a very interesting way to make biodiesel compatible
with sample introduction systems used in FAAS because microemulsions are prepared in a
very fast, simple and inexpensive way. This sample pretreatment strategy was adopted also
by Chaves et al [75] for determination of K and Na in biofuel samples by FAAS. Another
interesting sample pretreatment procedure is the dry decomposition in muffle furnaces. This
procedure was successfully employed by Oliveira et al [76] for determination of Na in
biodiesel by flame atomic emission spectrometry. Graphite furnace atomic absorption
spectrometry (GF-AAS) has been also successfully used for biodiesel analysis. A GF-AAS
method for direct determination of phosphorus in biodiesel samples was proposed by Lyra
et al [77]. These authors have used an automatic solid sampling accessory which allowed P
determination in biodiesel without any pretreatment or sample dilution. GFAAS has been
also used for quantification of heavy metals such as As [78], Cd, Pb and TI [79] in biodiesel
samples. Although the content of these metals is not limited by specification, their high
toxicity justifies the interest on their quantification in biodiesel samples. Aranda et al [80]
have proposed an analytical method for determination of Hg in biodiesel samples. The
samples were introduced directly as oil-in-water emulsions in a flow injection manifold
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followed by cold vapor generation coupled to atomic fluorescence spectrometry (FI-CV-
AFS). The authors were able to quantify both inorganic and organic mercury (as methyl
mercury) after irradiation of the sample with a UV source.

2. Electroanalytical methods

Electrochemical techniques are versatile and powerful analytical tools, which are able to
provide high sensitivity, low detection limits, associated to the use of inexpensive
instrumentation which presents as an additional advantage relatively low operator training
requirements. These features make electrochemical techniques very attractive not only for
routine analytical applications but also for fundamental physicochemical research such as
molecular interactions, or interface processes [81]. Electroanalytical methods involve the
measurement of an electrical property such as current, potential, conductivity or electric
charge which are directly related to the analyte concentration. Therefore, electroanalysis is
based on the fundamental relationships existing between electricity and chemistry and it has
been used in several areas such as biomedical analysis, environmental monitoring,
industrial quality control, etc. [82]. The most common routine applications of electroanalysis
include potentiometric determination of pH, amperometric oxygen and glucose probes,
conductometric control of ultra purified water, coulometric quantification of water in non-
aqueous materials, etc. [81]. Besides these well established routine applications, the
intensive research on electroanalysis has brought new and impressive potential applications
for electroanalytical methods. A very interesting example of a new using of electroanalytical
methods is found in the work written by Doménech-Carb¢ [83]. This author discusses the
application of electroanalytical methods to quantify analytes from works of art
demonstrating that electroanalysis is potentially useful to provide information about
conservation and restoration of cultural goods. Another impressive and modern application
of electroanalytical methods is the development of amperometric electronic tongues for food
quality analysis [84].

Researches on electroanalysis are not limited to develop new applications for
electroanalytical methods but they are also interested on the improvement of the analytical
performance of electrodes and electrochemical sensors. Thus, special attention has been
devoted to the use of new materials for electrode construction. These researches have
produced electrochemical devices highly sensitive and selective which have allowed the use
of electroanalytical methods even for analysis of very complex samples such as biofuels.
These electrodes with superior analytical performance are based on modern materials and
their development was achieved mainly due the incorporation of nanotechnology on the
electrode production processes. Therefore, several nanomaterials have contributed to
developing modern electrodes such as carbon nanotubes [85,86] and several kinds of
nanoparticles [87]. The use of zeolites, silicas and nanostructured porous electrodes has also
significantly contributed to development of electrodes with improved analytical
performance [88,89].

The main electroanalytical techniques are potentiometry, conductometry, coulometry,
voltammetry and amperometry. Recent advances and fundamental aspects of these
techniques will be briefly discussed here. More complete and deeper fundamental
discussions can be found in classical electroanalytical literature [82,90,91].

Potentiometry is based on thermodynamic relationships between the electrical potential
measured at equilibrium conditions and the activity of some specie in solution. In
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electrochemical sense, equilibrium conditions mean that there is no current flowing across to
the electrochemical cell. Therefore, in potentiometry, information about composition of a
sample is obtained by measuring electrical potential between two electrodes in absence of
appreciable current. Analytical applications of potentiometry include the detection of
endpoint in potentiometric titrations and direct potentiometry in which the potential
measured is used to provide the analyte concentration. The main applications and advances
in potentiometric methods involve direct potentiometry, thus only this modality will be
discussed here. The whole electrochemical system required for potentiometric
measurements includes a potentiometer which allows potential measurements and prevents
the flowing of current between the electrodes; a reference electrode whose potential is
constant and insensitive to the sample composition and an indicating electrode which
potentiometrically responds to the analyte activity [92]. Potentiometry allows accessing
activities (or effective concentration) data instead analytical concentration. This is extremely
advantageous for fundamental physicochemical studies however, for analytical purposes
this is unfavorable since in this case information required is about analytical concentration
and not activities. To overcome this, calibration procedures in direct potentiometry must
ensure that the activity coefficient of analyte is the same in both sample and calibration
standards. Standard addition method is also very useful for direct potentiometric analysis.
Thus, if calibration is properly performed, the electrical potential measured between
reference and indicating electrodes (with I = 0) can be directly related to analyte
concentration (in logarithmic form). Membrane based electrodes are the most common
indicating electrode used in direct potentiometry. They are also called Ion Selective
Electrodes (ISEs) because their high selectivity. The potential developed across the
ISE/sample/reference electrode system is not related to redox reactions but it is a junction
potential which it is related to specific chemical equilibrium that takes place in the
solution/membrane interface such as ion exchange. Useful membranes should present non
porous nature, insolubility in the sample solution, little conductivity, high mechanical
stability and selective reactivity towards the analyte. The most known membranes are the
glass membrane for pH measurements and the crystalline LaF; membrane for determination
of fluoride. ISEs are very attractive analytical devices because they present fast responses
and wide linear range; they are not affected by color or turbidity of sample; they are
inexpensive and finally they are not sample destructive [82]. A recent and very complete
review about electrochemical theory related to potentiometry was written by Bobacka et al
[93]. Modern ISE research is focused mainly in developing new ion recognition species, also
called ionophores. Thus several new ionophores have been developed which have produced
more stable and selective ISEs. Another trend in ISE research is to develop more robust and
practical devices, thus there is significant interest on the development of all-solid state ISEs
and miniaturized systems [93]. A very interesting discussion about advances in
potentiometric sensors was written by Privett et al [94]. These authors present an impressive
number of references discussing the main advances in potentiometry covering ISEs
development and analytical applications in several areas. ISEs can be successfully used as
detection system in flow analysis combining the high selectivity of these devices with all
advantageous features of FIA systems such as low reagent and sample consumption, better
repeatability, minimized sample manipulation and consequent lower risk of sample
contamination, high analytical frequency, and low instrumentation cost. Trojanowicz [81]
has presented a very instructive discussion about the use of potentiometry as detection
system in flow analysis and capillary electrophoresis.
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The electrical conductivity of a solution can be used for analytical purposes and this is the
base of conductometric methods. The solution conductivity depends on the ion
concentration and the characteristic mobility of the ions in solution. Therefore, the
conductivity of one-solute solution can be used to directly provide information about the
concentration of ionic species in solution. However, in multiple-solute solutions the
contribution of single ionic specie to the total solution conductivity can not be done and in
these situations conductometry is not useful for analytical purposes. This lack of selectivity
has discouraged the development of conductometry as a widespread electroanalytical
technique. However, conductometry is one of the most sensitive techniques available and
therefore its modern applications exploit this high sensitivity in situations in which
selectivity is not required. One example of application of conductometry is the monitoring
of the quality of ultra purified water. The conductivity in this case is very low and the
presence of even extremely low concentrations of ionic impurities causes a drastic increase
in conductivity indicating the deterioration of the water. Another modern application of
conductometry is as detection system in ion chromatography. In this case, selectivity is not
required since ionic species are previously separated by the chromatographic column.
Therefore ion chromatography enables the quantification of ionic species at extremely low
concentration due the high sensitivity of conductometry. All these applications are based on
direct conductometry measurements; however conductometry can be also used to detect
endpoint in conductometric titrations. General considerations about conductometric
titrations can be found in the literature [92,95]. Conductometry uses a simple, robust and
inexpensive instrumentation, which includes an alternating voltage source and a
conductance cell composed by two Pt electrodes sealed in only one piece. Alternating
voltage is necessary to avoid electrolysis. Conductometric systems are very versatile and
they can be constructed in several sizes and shapes which makes conductometric detectors
totally adaptable to flow analyses systems.

Coulometric methods are based on the electrolytic reduction or oxidation of the analyte for a
time sufficient to ensure its quantitative conversion to a new state of oxidation. Electrolysis
can be performed at controlled potential or controlled current conditions. Controlled current
electrolysis leads to two kinds of coulometric techniques: electrogravimetry and coulometric
titrations. Only this last modality will be discussed here because it represents the main used
coulometric technique, general discussions about other coulometric techniques can be found
in the literature [91,92,95]. All coulometric methods do not require any calibration procedure
because the measured property (electrical charge or mass) is related to the quantity of
analyte by fundamental relationships [9091-92,95]. This is advantageous because makes
analysis faster and more reliable since errors associated to the preparation of chemical
standards are eliminated. Moreover, coulometric methods are the most precise and exact
analytical methods available in analytical chemistry [95]. In coulometric titrations the titrant
is generated in situ by electrolysis at controlled current. The relationship between electrical
charge and the amount of titrant generated is based on Faraday’s law of electrolysis [90]. To
be used in a coulometric titration, the electrode reaction must satisfy the following
requirements: it must be of known stoichiometry and it must occur with 100 % current
efficiency [91]. In the same way of classical titrations, coulometric titrations also require
methods to detect the endpoint, which can be visual or instrumental [95]. However,
coulometric titrations offer a number of advantages over classical titrations: (a) very small
amounts of substances can be determined without the use of micro volumes. (b) Standard
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solutions and standardizations procedures are unnecessary. (c) Substances that are unstable
or inconvenient to use because of volatility or reactivity can be employed as titrant since
they are generated and consumed instantaneously. (d) Coulometric titrations are easily
automated. (e) Dilution effects are absents, making endpoint location simpler [91,95].
Instrumentation required for coulometric titrations is also simple and inexpensive. It
consists of inert electrodes, a constant-current source which can be simply a high voltage
power supply and a resistor, a coulometer or a timer [91]. Modern applications of
coulometric titrations include the determination of uranium [90] and several metallic ions,
halides, oxygen and unsaturated organic compounds. However the most common use of
coulometric titration is the quantification of water content in non-aqueous liquids,
procedure known as Karl-Fischer titration [91,95]. In this method I, is electrolytically
generated in an appropriated reaction medium in which I, suffer a redox reaction involving
also water as reagent. Thus, there is a stoichiometric relationship between electrogenerated
I, and water. The endpoint is detected by using other pair of detector electrodes in an
independent circuit. The detector circuit maintains a constant current between the two
detector electrodes. At the equivalence point, excess I, is produced and it is
electrochemically reduced to I- causing a drastic voltage drop in detector circuit which
marks the endpoint. The content of water is an important quality parameter for several
products such as edible and lubricating oils, pharmaceutical raw material, food products,
industrial solvents and also automotive fuels. Thus, Karl-Fischer analysis is currently widely
employed and there are several commercial automated equipments to reliably perform
these analyses at a relatively low cost.

Voltammetry is by far the most used electrochemical technique in academic and scientific
fields and it is clearly the most useful technique for low-level quantifications. These
techniques are based on continuous variation of the potential applied across the electrode-
solution interface and the resulting current, which is the property related to the analyte
concentration, is recorded. The applied potential, therefore, acts as the drive force for the
electrochemical reaction, i.e. reduction or oxidation of the analyte. Cyclic voltammetry (CV)
is the most widely used voltammetric technique for acquiring qualitative information about
electrode processes. The success of cyclic voltammetry derives from its ability to provide
thermodynamic and kinetics data about heterogeneous electron-transfer reactions [82]. CV
is usually the first experiment performed in an electroanalytical study, because it offers a
fast location of redox potentials of the analyte. Moreover, CV enables the convenient
evaluation of the effect of the media, i.e. pH, supporting electrolyte, etc. upon the redox
processes of analyte [82].

For analytical purposes, linear sweep voltammetry (LSV), differential pulse voltammetry
(DPV) and square wave voltammetry (SWV) are the most widely used techniques. DPV and
SWYV are usually preferred due their better discrimination between faradaic and capacitive
currents which allows achieving detection limits as low as 108 mol L1 [90,95]. These
different modalities of voltammetric techniques are classified according to the adopted
potential-time programs. The basic principles of voltammetric techniques and their
respective potential-time programs are extensively discussed on electrochemical books [90-
92], articles [96] and in some books specially devoted to voltammetry [97]. Contrasting to
coulometric techniques, voltammetry involves extremely low scale electrolysis; therefore,
the fraction of analyte oxidized or reduced is negligible. Thus the sample composition
remains unchanged after the voltammetric analysis. Another unique feature of voltammetric
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techniques is that they involve electrolysis in conditions of total limitation by mass
transport, thus diffusion of analyte from the body of the solution to the electrode/solution
interface plays a crucial role in voltammetric analysis [90].

Comparatively to previously mentioned electrochemical techniques, voltammetry requires
the most sophisticated instrumentation, which consists in a potentiostat and a three-
electrode electrochemical cell. A potentiostat is necessary to maintain a controlled potential
between reference and working electrode without allowing current passage. The
potentiostat also presents a secondary circuit connecting working to auxiliary electrode and
this circuit is responsible for all current flowing through the electrochemical cell. Auxiliary
electrode, therefore, is used just to make possible current flowing. Auxiliary electrodes are
constituted by inert and highly conductive materials, such as Pt, stainless steel, etc.
Reference electrode is the key to achieve controlled potential conditions and therefore it is a
very important component in voltammetric analysis. The literature presents some works
totally devoted to reference electrodes including discussions about practical problems
associated to them [98] and new techniques for the fabrication of more robust all solid state
and miniaturized reference electrodes [99].

Working electrode is the electrode in which the analyte suffers electrochemical reduction or
oxidation providing the current that is proportional to its concentration. Several materials
can be used as working electrode in voltammetric techniques and they can be divided in
two main groups: mercury electrodes, for example: dropping mercury electrode (DME) and
hang dropping mercury electrode (HDME) and solid electrodes such as: platinum, gold,
glassy carbon, carbon paste electrodes (CPEs), etc. DME has historical importance in
electrochemistry, since it was directly involved in the development of polarography by
Heyrovsky [49] being this technique the precursor of the modern voltammetric techniques.
In 2009 it was celebrated the 50th anniversary of Heyrovsky’s Nobel Prize for polarography
and a celebrative review was written by Barek [100] this author was also involved in a very
important and complete historical review about polarography written in 2002, year in which
was celebrated eighty years of the discovery of polarography [101]. Despite its historical
importance, the use of DME has decreased lately due mainly to environmental reasons and
practical limitation for on-line and in situ analyses. Gradually, DME has been replaced by
solid working electrodes. Among solid electrodes, glassy carbon (GC) is the most employed
in electroanalysis because of its excellent mechanical and electrical properties, wide useful
potential range and chemically inert nature. However, other kinds of carbon, such as:
graphite, reticulated glassy carbon, pyrolytic carbon and more recently carbon nanotubes
[86] also occupy an important place in electroanalysis. Therefore, carbon-based working
electrodes are the most widely used in modern voltammetry and a review about the
contributions of carbon materials for the development of electrochemical sensors was
written by Qureshi et al [102]. Another very important review about advanced carbon
electrode materials was written by McCreery [103].

Other very important kind of carbon-based electrodes widely used in voltammetry are the
CPEs. These electrodes are constituted by a mixture between carbon powder and a water
immiscible organic liquid, which acts as binder agent (pasting liquid). CPEs have become
one of the most popular electrode materials used for the laboratory preparation of various
electrodes, sensors, and detectors. Therefore, CPEs are used in practically all areas of
fundamental and applied electrochemistry including modern electroanalysis. The success of
CPE can be attributed to its very attractive physicochemical and electrochemical properties.
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The advantageous features of CPEs include low residual current, wide useful potential
window, chemical inertness, ease surface renewal, low cost and easiness of prepare.
However, the most attractive feature of CPE is the easiness to perform a chemical
modification of the electrode. A CPE can be modified simply adding the chemical modifier
to the mixture carbon powder/binder agent with no need of specific interactions between
the chemical modifier and the electrode material. The chemical modification of a CPE
modulates its chemical and/or physical properties establishing specific interactions between
the analyte and the electrode surface leading to an electrode with improved analytical
performance, i.e. more sensitive and/or selective. In the year 2008, it was exactly fifty years
since Professor Ralph Norman Adams has introduced the CPEs. Svancara and a team of
very important experts in electroanalysis/electrochemistry have written a very instructive
celebrative review [104]. These authors are also responsible for the most complete and
recent work about CPEs in which the main advances, trends on CPEs development and
application are extensively discussed [105].

Chemically modified electrodes (CMEs) are particularly attractive kind of electrode. CMEs
are prepared by immobilization of chemical species onto electrode surface aiming to
modulate its properties in order to establish specific interactions between analyte and
electrodic surface. Electrode surfaces are usually chemically modified by one of these
methods: adsorption (chemical or physical), covalent bond, polymer film coating or via
composite preparation. CMEs correspond to a powerful and versatile approach to develop
electrodes with analytical performance superior to conventional ones. These electrodes have
been bringing impressive advances in electroanalysis and reviews about the preparation
and application of these devices are available in the literature [106].

The sensitivity of voltammetric techniques can be significantly improved by using a
preconcentration step previously to the voltammetric scan, this procedure characterizes the
called stripping voltammetric techniques. The preconcentration step makes use of specific
interactions between analyte and electrode surface, which can involves non-electrochemical
processes such as adsorption or electrochemical ones such as electrodeposition. Stripping
voltammetric techniques are characterized by very low detection limits, extremely high
sensitivity, multielement and speciation capability, suitability for on site and in situ
applications and minimal sample treatment requirements. The high sensitivity and
consequently the low detection limits obtained with stripping analysis techniques are
consequences of the preconcentration step, which enhances the analyte concentration at
electrode surface. More general and fundamental discussions about stripping voltammetric
techniques can be found in the electrochemical literature [82,90,91].

An important advance in voltammetric techniques is the use of microelectrodes which
usually present dimensions not greater than 25 pm. Compared with conventional dimension
electrodes, microelectrodes present several attractive features, such as improvement of mass
transport due to radial diffusion, enhancement of signal-noise ratio, low background
currents and immunity to ohmic drop. This last characteristic is very attractive, since it
enables the use of microelectrodes in high resistive media without the necessity of
supporting electrolyte, minimizing the possibility of chemical contamination of samples. A
limitation of using microelectrodes is the extremely low currents recorded with require very
sensitive equipments and very powerful amplification systems. In order to overcome this
limitation, microelectrodes arrays has been extensively studied and used for development of
electrochemical sensors. In these arrays, currents recorded at each individual microelectrode
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are additive, therefore, microelectrode arrays combine the attractive properties of
microelectrodes with macro scale current values leading to very high sensitivity. Xie et al
[107] have presented a very interesting review about the use of microelectrodes for
quantification of metallic species in water samples and a recent review about the use of
microelectrode arrays to develop amperometric sensor was written by Ordeig et al [108].
Classical literature of electrochemistry also brings information about microelectrodes and
microelectrode arrays [82,90,91].

Another very interesting electrochemical technique based on potential-current relationships
is amperometry. In this technique, the working electrode potential is kept at a controlled
and invariable value which is just sufficient to promote the electrochemical reduction or
oxidation of analyte. In these conditions, the current flowing through the electrochemical
cell will be directly proportional to the analyte concentration. The instrumentation and the
electrodes used in amperometric techniques are exactly the same used for voltammetry.
Therefore, amperometry also involves electrolysis of minimal quantity of the analyte under
condition of total limitation by mass transport. The combination of amperometry with
hydrodynamic conditions is a very interesting alternative to develop electroanalytical
methods. Hydrodynamic conditions strongly improve the mass transport due to the forced
convection and as a consequence, higher current values are obtained allowing the
development of more sensitive electroanalytical methods. Another attractive feature
presented by amperometry in hydrodynamic condition is the shorter time of analysis.

A great characteristic of all electroanalytical techniques is their total compatibility with
flowing conditions which makes them extremely attractive to be used in detection systems
in FIA, liquid chromatography and -capillary electrophoresis. The combination of
electrochemical detection with liquid chromatography (LC-ED) is a powerful analytical
strategy which has proven to be one of the more efficient options when attempting to
characterize complex matrices. LC-ED is, therefore, widely used for the trace determination
of easily oxidizable and reducible organic and inorganic compounds in complex matrices,
providing detection limits as low as 0.1 pmol for a number of electroactive compounds. The
electrochemical cell and electrodes in LC detector system can be constructed in many
different designs according to the convenience. All electroanalytical technique can be
employed in LC detection, however a large prevalence of amperometry is observed mainly
due its operational simplicity. Additional fundamental information about LC-ED can be
found in classical electroanalytical literature [90] and a review about the use of carbon
electrodes as detectors in LC is also available [109]. Capillary electrophoresis is a very
powerful technique used for separation of charged species. The required apparatus consists
of a fused silica capillary filled with a buffer solution. A very high potential (usually 10 - 40
kV) is applied across the capillary and the sample is introduced in an extremity of the
capillary while the detection system is located in another extremity. Due to the ionized
silanol groups on the capillary walls an electroosmotic flow is produced which causes the
elution of all compounds at the cathode, regardless their charge. Compounds are separated
based on their differences in electrophoretic mobility; thus, usually the order of elution is
faster cations, slower cations, neutral species and finally anions. Electrochemical detection is
very advantageous in capillary electrophoresis because it is based on a reaction at electrode
surface, therefore the electrochemical cell volume can be extremely small without loss of
sensitivity [90]. Modern aspects of electrochemical detection coupled to capillary
electrophoresis are discussed in the work written by Trojanowicz [81].
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3. Electroanalytical techniques applied to bioethanol and biodiesel quality
control

Electroanalytical techniques are adopted in both official and alternative methods used for
bioethanol and biodiesel quality control. Official analytical methods exploit mainly those
electroanalytical techniques whose instrumentation is simple and inexpensive in which
there is no necessity of highly specialized operators. This is expected since official analytical
methods are used as routine analyses which must be simple, practical and easily performed.
On the other hand, alternative electroanalytical-based methods usually adopt advanced
electroanalytical techniques and sophisticated instrumentation. Thus, these methods bring
the main advances in electroanalytical field. They are characterized by superior analytical
performance, presenting extremely low detection limits associated with very high sensitivity
and selectivity. In the next sections, official and alternative electroanalytical-based methods
used for bioethanol and biodiesel analysis will be revised and discussed.

3.1 Official electroanalytical-based methods

Important quality parameters of both bioethanol and biodiesel are regulated by technical
norms based on potentiometry, conductometry and coulometry. These electroanalytical
techniques are preferred due their simplicity, low cost, reliability associated with a low
consume of time and reagents. Currently, there are no official analytical methods based on
voltammetry or amperometry.

The pH of bioethanol is a very important quality parameter associated to its corrosion
power. This quality parameter is regulated by technical norms based on direct
potentiometry by using a glass electrode. In Brazil and USA technical norms describing the
potentiometric determination of pH of bioethanol are, respectively, NBR 10891-06 and
ASTM D6423-08. According to previously discussed, there are metrological problems
associated to the determination of pH of bioethanol, since the glass electrode calibration is
performed with aqueous buffers while bioethanol is predominantly a non-aqueous system
[48]. It is interesting to observe that NBR 10891-06 explicitly describes that there is no
correlation between pH values obtained for bioethanol and pH of aqueous solutions.
However, this same norm sets that the electrode calibration must be performed by using
aqueous standard buffer solutions which is very questionable. Some researches have
worked in order to overcome these metrological problems by performing extensive studies
about the behavior of glass electrodes in ethanol media [110]. These studies have allowed
the introduction of correction factors which is extremely useful to improve the reliability of
pH values determined in bioethanol contributing to the development of new and more
appropriated technical norms. Direct potentiometry is also the base of a European technical
norm (EN 15484-07) that specifies the content of chloride in ethanol fuel by using a chloride-
ISE. Potentiometric titration is also used as official analytical method adopted for
determination of acid number of biodiesel in Brazil, EU and USA. Technical norms that
regulate this quality parameter are NBR 14448-09, EN 14104-03 and ASTM D664-09. In
potentiometric titration, the calibration of glass electrode is not critical, because this
technique uses relative and not absolute potential values, therefore, all those problems
associated with calibration in direct potentiometry are absent in potentiometric titration.
This makes technical norms based on potentiometric titration more reliable than those based
on direct potentiometry.
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As previously discussed, the main modern application of coulometry is for quantification of
water content in non-aqueous media by Karl-Fischer titration. This electroanalytical technique
is the base of the technical norms adopted in EU (EN 15489-07) and USA (ASTM E1064-08) for
determination of water content in bioethanol. Currently, Brazil does not regulate water content
in this biofuel. Karl-Fischer titration is also used as official analytical method to determine the
water content in the biodiesel produced in Brazil, EU and USA. The respective technical norms
adopted in EU and USA are, respectively, EN 12937-01 and ASTM D6304-07. Brazil, currently
adopt the European norm to regulate water content in its produced biodiesel.

Conductometry is used as official analytical method for specification of three quality
parameters of bioethanol and one quality parameter of biodiesel. Therefore, conductometry
is the most used electroanalytical technique for bioethanol and biodiesel quality control.
Conductivity itself is a specified property of bioethanol regulated in Brazil by technical
norm NBR 10547-06. Currently EU and USA have no specification for bioethanol
conductivity but they are considering adding a specification for this property [47]. This is a
very important specification because conductivity can easily and quickly determine if
bioethanol is contaminated by ionic species, including those that are not specified. In
addition, conductivity values are also related to corrosion power of bioethanol, i.e. high
conductivity values are associated with high corrosion power. Therefore, conductivity is a
very useful property able to provide information about the overall quality of bioethanol.
Moreover conductivity measures require a very simple and inexpensive instrumentation
and the test is very ease to perform. The other two specified quality parameters of
bioethanol regulated by official analytical methods based on conductometry are chloride
and sulfate content. Brazil, EU and USA have specifications for the content of these anions;
the adopted technical norms are, respectively, NBR 10894-07, EN 15492 and ASTM D7319-
09. All these technical norms use ion chromatography with conductometric detection as
official analytical method. This is an example of the success of coupling chromatographic
separation with electrochemical detection.

A very interesting use of conductometry is in the evaluation of the oxidation stability of
biodiesel. This property is specified in Brazil, EU and USA and these three regions adopted
the European technical norm EN 14112-03. The oxidation stability of biodiesel is a crucial
parameter to ensure correct fuel performance in the vehicles, as well as in storage and
distribution. EN 14112-03 adopts the rancimat procedure to determine oxidative stability of
biodiesel. Rancimat is a totally automated accelerated oxidation test carried out at elevated
temperature and under exposure of air. In rancimat procedure, a stream of purified air is
passed through the heated sample (usually 3-6 g of biodiesel) and it is subsequently bubbled
through a vessel containing deionized water in which there is a conductivity cell
continuously monitoring the system. The resulting oxidation products, i.e. volatile organic
acids are carried by the air stream from the sample to the deionized water. When the
produced organic acids reach deionized water, their dissociation equilibria are established
producing carboxylate anions and H+. The presence of these ionic species causes an increase
in conductivity of the water. Generally, oxidation is slow at first stages and it quickly
accelerates after its initiation. The point in which the maximum change of rate of oxidation
is obtained is called induction time and it is detected by a large and abrupt increase on the
conductivity. EN 14112-03 defines a minimal induction time of 6 h at 110 °C. The oxidative
stability obtained at 110 °C can be extrapolated to provide stability data under storage and
transportation temperature. Rancimat procedure constitutes a very smart use of
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conductometry and this method is also used to evaluate oxidative stability of raw material
and products from pharmaceutical and food industry. Rancimat procedure has been also
used to evaluate the performance of antioxidant agents. Therefore, conductometry is a very
important electroanalytical technique widely used for quality control of several materials.

3.2 Alternative electroanalytical-based methods

The number of alternative electroanalytical-based methods used for bioethanol and
biodiesel analysis is higher than the official electronalytical-based methods as shown in
Table 5.

From Table 5 it can be observed that the number of chemical species analyzed by alternative
electroanalytical-based methods is higher than those whose contents are regulated by
official technical norms. This demonstrates that electroanalytical community is not only
concerned about impurities that constitute a problem for biofuels quality today but it is also
concerned about species which may become a future problem for the quality and
commercialization of bioethanol and biodiesel. Table 5 also shows the prevalence of
voltammetry and stripping voltammetric techniques as base for alternative electroanalytical
methods which is expected since modern voltammetric techniques are very suitable for low-
level quantifications. Therefore, most of alternative electroanalytical methods are
characterized by very low detection limits.

Direct potentiometry is especially attractive to determine chemical species which can not be
easily oxidized or reduced such as alkali metals. Thus, some recent works have described
the use of direct potentiometry to determine potassium in biodiesel samples. Two strategies
have been adopted in these works: the use of commercial K*-ISE which is protected from
direct contact with biodiesel sample and the development of new indicating electrodes. The
first strategy was used by Rapta et al [112] which have employed a PVC membrane-based
commercial K*-ISE to quantify potassium in FAME samples. In order to prevent electrode
swelling promoted by FAME, two compartments were used one of them was filled with
distilled water and the other was filled with FAME sample. Both compartments were
separated by a semi-permeable membrane, constituted by a 20 pm thickness cellulose
acetate film. Indicating and reference electrode were immersed in the compartment
containing distilled water. The cellulose acetate membrane is permeable to K+ allowing its
extraction from FAME compartment to the aqueous compartment in which K* was
potentiometrically quantified. This procedure was very efficient to avoid electrode
deterioration from exposure to FAME sample which was demonstrated by the good
reproducibility and concordance between the results obtained by the proposed method and
those obtained by official AAS analytical method. Castilho and Stradiotto [111] have used
the second strategy to determine K* in biodiesel samples. These authors have developed a
new K+ISE based on a nickel-hexacyanoferrate film which was deposited onto glassy
carbon by cyclic voltammetry in presence of both ions Fe(CN)e3- and Ni2*. These electrodes
were successfully used for quantification of K* in biodiesel samples after a liquid-liquid
extraction using HCI 0.1 mol L1 as aqueous phase. The developed electrode has presented a
near Nernstian behavior and a very satisfactory selectivity with selectivity coefficient for
Nat*, NH4* and Li* equal to 0.01; 0.5 and 0.0089, respectively. In both works, direct
potentiometry has allowed K* quantification in biodiesel samples in a very reliable, fast,
simple and inexpensive way. These features make direct potentiometry very useful, for
example, to evaluate the efficiency of biodiesel final washing procedure for the elimination
of KOH used as catalyst in transesterification reaction.
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Biofuel Technique Analyte D(ic.ect.l O Reference
mit
Biodiesel Direct potentiometry K+ 19 pmol L+ [111]
Biodiesel Direct potentiometry K+ 0.4 ppm [112]
Ethanol Direct potentiometry Cuz* - [113]
Ethanol Conductometric titration TOtalé_Cldlty 03 éogr?n%lil [114]
Ethanol Constyctomedry,/1on Cl and SO [115]
chromatography
. k. Conductometry/Ion Alkaline Earth and
Biodiesel Chromatogra}};hy Alkaline metal-ions o [116]
Ethanol Conductometry/ Cgpillary Inorganic Fations and L [117]
electrophoresis anions
Ethanol SWV SO-7 dye 0.09 umol L1 [118]
Ethanol SWV SB-14 dye 0.29 umol L1 [119]
Ethanol SWV SB-14 dye 93 nmol L1 [120]
Ethanol DPV Acetaldehyde 0.81 umol L1 [121]
Ethanol SWV Acetaldehyde 0.24 ymol L1 [122]
Ethanol DPV Acetaldehyde 20pmol L1 [123]
Ethanol CVv Furfuraldehyde 0.70mmol L1 [124]
Biodiesel LSV Glycerol 25 pmol L1 [125]
Biodiesel LSV tert-butylhydroquinone 71 nmol L1 [126]
Ethanol  Stripping voltammetry-DPV Cu2* 31 nmol L1 [127]
Ethanol  Stripping voltammetry-LSV Cu2* 22 nmol L1 [128]
Ethanol  Stripping voltammetry-DPV Cu2* 39 nmol L [129]
Ethanol  Stripping voltammetry-SWV (15113122: gg Eg Ei [130]
Zn2+ 0.24 pmol L+
Ethanol  Stripping voltammetry-DPV Cu2* 0.88 pmol L1 [131]
Pb2+ 0.66 pmol L1
Ethanol  Stripping voltammetry -DPV Pb2* 72nmol L1 [132]
Ethanol  Stripping voltammetry-DPV Ni2* 20nmol L1 [133]
Ethanol  Stripping voltammetry-DPV Ni2* 27nmol L1 [134]
Ethanol  Stripping voltammetry-SWV Fe3+ 24 pmol L1 [135]
Ethanol  Stripping voltammetry-LSV Zn2* 0.26 pmol L1 [136]
Ethanol  Stripping voltammetry-LSV Cl- 0.13 mg L1 [137]
Ethanol  Stripping voltammetry-DPV Sulphur 15ng g1 [138]
Biodiesel Potentiometric stripping Cu2* 200 ng g [139]
Biodiesel Amperometry-enzymatic Free and total glycerol 1x10° (w/v) [140]
Ethanol Amperometric detection-HPLC Alli(’ecgz;ises ;g ES 211:1 [141]
Ethanol Amperometric detection-HPLC Acetaldehyde 3.80 pg L1 [142]
Ethanol Amperometric detection-HPLC SB-14 dye 6.4nmol L1 [143]
Ethanol = Amperometric detection-FIA Cl- 3.7 umol L1 [144]

Table 5. Alternative electroanalytical-based methods used for bioethanol and biodiesel
analysis
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Conductometry coupled to ion chromatography has been successfully used for
simultaneous quantification of several inorganic ions in both bioethanol and biodiesel
[115,116] which demonstrates the versatility and analytical power of combining
chromatographic separation and conductometric detection. Conductometric detection in ion
chromatography and capillary electrophoresis represents a very advanced use of
conductivity measures. The main approach currently adopted in these detection systems is
contactless conductivity detection (CCD) in which electrodes are electrically isolated from
the sample being the measurements performed at high frequency conditions. One of the
advantageous features of CCD is the total absence of electrode fouling effect since electrode
is not in direct contact with sample solutions. Deeper discussions about CCD are beyond of
the scope of this work. Additional information about the principles and application of CCD
can be found in the original works introducing CCD as detection system in capillary
electrophoresis [145,146]. CCD coupled to capillary electrophoresis was used by Mufioz et al
[117] for the successful and simultaneous quantification of several cations (Na*, K*, NH4*,
Ca2* and Mg?* using Li* as internal standard) and anions (SO42, Cl- and NOs- using lactate
as internal standard) directly in commercial ethanol fuel samples. The authors have used a
homemade capillary electrophoresis equipment which has presented many advantageous
features such as low cost, shorter time analysis and high analytical performance with low
detection limits and high sensitivity. Classical conductometric methods have been also
employed for ethanol fuel analysis. Avelar et al [114] have used conductometric titration for
determining chloride content and free acidity in hydrated ethanol fuel samples. The authors
have observed that conductometric titration allows the reliable quantification of total acidity
and chloride content in hydrated ethanol fuel being the obtained results in good agreement
with those obtained by official analytical methods. Therefore conductometric titration could
be successfully used for a simple, inexpensive and fast evaluation of free acidity and
chloride content which are corrosive agents representing very important quality parameters
for ethanol fuel.

From Table 5 it is possible to observe a large number of voltammetric and stripping
voltammetric-based analytical methods which are used mainly for ethanol fuel analysis.
Voltammetric based analytical methods are used mainly for determination of organic
compounds while stripping voltammetric-based methods are used mainly for
quantification of transition metal ions. Working electrodes used in voltammetric methods
are mainly based on carbon materials, such as glassy carbon [118,119,121,124], screen-
printed carbon electrode [120] and carbon paste electrode [126]. In stripping
voltammetric-based methods there is a prevalence of chemically modified carbon paste
electrodes which are characterized by a superior ability to preconcentrate the analyte at
electrode surface.

Organic species determined in ethanol fuel by voltammetric methods are mainly dye
markers and aldehydes. Dye markers are usually purposely added to fuels in order to
guarantee their identity and discourage adulterations, thus these dyes are important to
quality control of fuels. Two very important dyes marker are solvent blue 14 (SB-14) and
solvent orange 7 (SO-7) and the literature has shown that both can be successfully quantified
by voltammetry in ethanol fuel samples. Trindade and Zanoni [119] have developed an
analytical method for quantification of SB-14 in ethanol fuel samples based on SWV using a
glassy carbon working electrode. The authors have performed all voltammetric
measurements in a mixture Britton-Robinson (B.R) buffer: dimethylformamide (1:1 v:v).
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Under the optimized experimental conditions, SB-14 has presented a very intense and
defined cathodic voltammetric peak at -0.4 V vs. Ag/AgCl/KClsturated which has allowed
the sensitive and reliable quantification of this dye in commercial ethanol fuel samples. In
order to improve even more the analytical performance of this analytical method, these
same authors have replaced the glassy carbon working electrode by a screen-printed carbon
electrode [120], making the voltammetric method more practical and inexpensive. The main
advantages of screen-printed electrodes are their modest cost, portability and above of all
their simplicity of use since only one small arrangement contains working, auxiliary and
reference electrodes. Another improvement introduced in the SWV-quantification of SB-14
was the use of an anionic surfactant which has increased the solubility of SB-14 minimizing
the quantity of dimethylformamide required in electrochemical cell from 50% to 30% (v:v).
This is extremely advantageous since dimethylformamide is a relatively toxic and expensive
reagent. The use of the surfactant has brought other benefits to the analytical method, since
its presence has tripled peak current values. Moreover, according to the authors, the
surfactant forms a charged film on the electrode surface acting as an anti-fouling agent. All
these positive factors have allowed lowering detection limit from 2.9 x 107 mol L- (using
glassy carbon in absence of surfactant) to 9.3 x 108 mol L (using screen-printed electrode in
presence of surfactant). The most impressive advantageous feature of these methods is their
ability to quantify SB-14 directly in ethanol fuel samples without any sample pretreatment
which is extremely attractive because it avoids time-consuming pretreatment procedures
making the analytical method faster, simpler, less expensive and more reliable. This same
group has yet contributed to the field of electroanalysis of dye markers by developing a
voltammetric method for quantification of SO-7 directly in ethanol fuel samples [118]. This
voltammetric method has also presented excellent analytical performance associated with
high simplicity and low cost.

Ethanol fuel is produced by a distillation process; thus its main organic contaminants are
those ones more volatile than it such as acetaldehyde. Whereas that acetaldehyde is a toxic
air contaminant able to cause lung irritation and that it is a possibly carcinogenic agent, the
quantification of acetaldehyde has attracted much attention. Several analytical methods
have been proposed for quantification of acetaldehyde in ethanol fuel including
voltammetric ones. However, voltammetric determination of aldehydes is difficult due the
extremely high potential values required for promote their electrochemical reduction or
oxidation. The strategy used to make possible to quantify acetaldehyde by using
voltammetric techniques is to adopt a chemical derivatisation procedure before
voltammetric analysis. The chemical derivatisation step is responsible to form a more easily
oxidizable or reducible product which can be detected voltammetrically. Thus, acetaldehyde
has been quantified by voltammetry as imine derivatives [123] and after derivatisation with
hydrazine [122] and 2,4-Dinitrophenylhydrazine [121]. In all these cases there is the
formation of the group RR’C=N- which is easily reduced to the correspondent amine [147].
All these voltammetric methods allow the quantification of acetaldehyde in a very sensitive
way with low detection limits. The only working proposing a direct voltammetric method
for quantification of an aldehyde without chemical derivatisation was presented by Saczk et
al [124]. These authors have studied the voltammetric reduction of furfuraldehyde in
ethanol media using a glassy carbon electrode. The authors have observed that
furfuraldehyde presents a well defined cathodic peak which has allowed its reliable
quantification in ethanol.
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Only two works involving voltammetric analysis of biodiesel were found in the literature.
The first one is the work by Lourengo and Stradiotto [125] which have used a Pt electrode to
quantify free glycerol in biodiesel samples. The analytical method is based on
electrocatalytic oxidation of glycerol promoted by PtOx electrogenerated onto electrode
surface. Before the voltammetric analysis the samples were submitted to a simple
pretreatment consisting of a liquid-liquid extraction with water followed by elution of
aqueous phase on a C-18 cartridge for elimination of interfering species. Voltammetric scans
were recorded in HCIO; solutions and very well defined voltammetric peaks associated to
glycerol electrooxidation were obtained. The proposed method has presented a linear range
from 56 to 560 mg Kg-1, which is appropriated for biodiesel analysis since its maximum free
glycerol content allowed is 200 mg Kg?. The reliability of the proposed method was
demonstrated by addition-recovery experiments performed at a glycerol-free biodiesel
sample and the recovery percentages were always close to 100 %. The second voltammetric
method used for biodiesel analysis was proposed by Aratjo et al [126] for determination of
the antioxidant tertbutylhydroquinone (TBHQ). The poor oxidative stability of biodiesel is
considered the main drawback to its use in large scale as alternative fuel. Thus several
studies have been conducted in order to increase oxidative stability of biodiesel by adding
antioxidant agents and TBHQ have yielded good results. Thus, in future the addition of
TBHQ in biodiesel may become mandatory, and its content would be controlled by technical
specifications. In this context, the development of analytical methods for quantification of
TBHQ in biodiesel samples is quite important. Aratjo et al [126] have developed a
voltammetric method to quantify TBHQ by using a carbon paste electrode and performing
voltammetric measurements in B.R. buffer solutions containing the surfactant
cetyltrimethylammonium bromide (CTAB). They have observed that the presence of CTAB
significantly intensifies the voltammetric peak associated to TBHQ oxidation increasing the
sensitivity of the voltammetric method. Addition-recovery experiments were performed in
spiked biodiesel samples and recovery percentages were always close to 100 % showing that
the proposed method is very reliable. Moreover, the method has allowed TBHQ
quantification directly in soybean biodiesel samples by simply diluting them in methanol
without any additional pretreatment procedure. Therefore, this method can be seen as a
potential analytical approach for future routine quantification of TBHQ in biodiesel
samples.

Stripping voltammetric-based methods are the most sensitive electroanalytical methods
employed for bioethanol and biodiesel analysis. These methods have been used mainly for
quantification of metal ions in ethanol fuel samples and they have presented extremely low
detection limits which usually are in the range of nmol L-1. Most of stripping voltammetric
methods employed for bioethanol analysis use chemically modified CPEs, which have
significantly contributed for electroanalysis of biofuels. Among chemical modifiers used for
constructing CPEs, organofunctionalized silica has received especial attention due mainly to
the extremely advantageous features presented by silica such as high adsorption capacity,
chemical and mechanical stability, insolubility in virtually all solvents and possibility of
functionalization with a large variety of functional groups. CPEs chemically modified with
organofunctionalized silica have been successfully used for quantification of Cu2+ [127,129]
and Ni2* [133] in ethanol fuel samples by using anodic stripping voltammetry. In these
works CPEs were chemically modified with silica organofunctionalized with aminothiol
groups which are able to efficiently preconcentrate metallic ions by complexation with their
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S and N atoms. These works brought another important advance for development of CPEs
for ethanol fuel analysis since they have produced more rigid and stable composites by
replacing mineral oil, the binder agent used in conventional CPEs, by alternative binders.
Conventional CPEs are totally inadequate to be used directly in ethanol fuel samples
because they are instable in non-aqueous media due dissolution of binder agent which leads
to CPE disintegration. Solid paraffin and castor oil-derived polyurethane have been
successfully used as agent binder for the quantification of metal ions in ethanol fuel samples
[127,129,133]. Both binder agents are very attractive because they are able to produce carbon
composites with better mechanical resistance. Moreover these binder agents present low
cost and they are easily manipulated allowing preparing the electrodes in a fast, simple and
inexpensive way. Solid paraffin-based CPEs were totally stable in ethanol media allowing
the quantification of Cu2* [127] and Ni2* [133] directly in the ethanol fuel samples without
any pretreatment or dilution step. Polyurethane-based CPE was successfully used by
Cesarino et al [129] for quantification of Cu?* in ethanol fuel samples after mixing them with
30% (v:v) of a KNOj3 aqueous solution. Detection limits for all these works are in the range of
nmol L1 and their results were in good agreement with those obtained by official analytical
methods demonstrating that they are able to provide Cu2* and Ni2* quantification in ethanol
fuel samples in a very sensitive and reliable way. Other chemical modifiers used to prepare
CPEs for determination of metal ions in ethanol fuel samples include: the anionic-exchange
resin Amberlite® IR120 for quantification of Pb2* [132], dimethylglyoxime for quantification
of Ni?* [134] and 1,10-ortophenantroline for quantification of Fe3* [135]. All these examples
use conventional CPEs; therefore their use was restricted to mixtures ethanol fuel: aqueous
electrolyte solution which however has no seriously compromised their overall analytical
performance.

Metal-based and metallic electrodes have been also used for quantification of metal ions
in ethanol fuel samples by stripping voltammetric methods. Oliveira et al [131] have used
a mercury film electrodeposited onto a glassy carbon electrode for simultaneous
determination of Zn, Cd, Pb and Cu in ethanol fuel samples. The procedure adopted to
prepare the electrodes was very simple consisting in to submit a rotating disc glassy
carbon electrode to -0.9 V vs. SCE for 20 min at 200 rpm in a solution containing 2 x 10-5
mol L1 of Hg?*. This electrode was successfully used to determine Zn, Cd, Pb and Cu in
ethanol fuel after diluting the samples in aqueous LiCl solution in the ratio 20:80% (v:v),
respectively. The authors have used anodic stripping voltammetry and they performed a
comparative study between the analytical performance of LSV, DPV and SWV modes. The
results have shown that DPV was the most appropriated voltammetric modality which
was used to simultaneously quantify Zn, Cd, Pb and Cu in three commercial ethanol fuel
samples by using 10 min of electrodepositing time. The obtained results were in good
agreement with those obtained by FAAS method, indicating that the proposed method is
very reliable. Mufioz and Angnes [130] have used a commercial gold electrode to develop
an anodic stripping-SWV method for simultaneous determination of Pb2* and Cu?* in
ethanol fuel. The voltammetric measures were performed in a mixture ethanol:water
(75:25% v:v) by using 900 s of electrodepositing time. Recovery studies were performed in
spiked commercial ethanol fuel samples and recovery percentages were always close to
100 %. A gold microelectrode was used by Takeuchi et al [128] for determination of Cu2*
in commercial ethanol fuel samples. These authors have developed a linear sweep anodic
stripping voltammetric method using 300 s of electrodeposition time. Not only the
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preconcentration step but also the voltammetric scan was performed directly in the
ethanol sample without any pretreatment. The authors have found that copper in
commercial ethanol fuel samples seems to be distributed in its labile and organic
complexed forms which can not be efficiently electrodeposited in electrode surface. As a
result, the stripping voltammetric method has provided copper contents lower than those
obtained by FAAS. The authors have observed that acidification of samples was a very
efficient way to recover copper from its complexed forms. After sample acidification, the
developed analytical method was successfully employed for Cu?* quantification in six
commercial ethanol fuel samples and the obtained results were concordant with those
obtained by official FAAS method. This was the first work in literature in which both
preconcentration and detection steps were performed directly in the commercial sample
by simply adding 1.0 mmol L1 of H;SO,. Therefore, this method has allowed the
quantification of Cu?* in ethanol fuel samples in a very fast, simple and sensitive way
with detection limit of 22 nmol L-1.

The literature also brings stripping voltammetric methods for quantification of non metals
in ethanol fuel samples. Ferreira et al [137] have used a HMDE for develop a cathodic
stripping LSV method for quantification of chloride in ethanol fuel samples. The
accumulation step was performed at +0.15 V vs. Ag/AgCl/KClsaturated potential in which
mercury is oxidized forming Hg>Cl,. After the accumulation step the potential was swept in
negative direction in order to promote the electrochemical reduction of HgyCl, which
produces a cathodic voltammetric peak providing the analytical signal proportional to
chloride concentration. The developed method was employed for chloride quantification in
five commercial ethanol fuel samples without any pretreatment or supporting electrolyte
addition. The obtained results were concordant with those obtained by a potentiometric
comparative method. The proposed method has allowed chloride determination in a very
fast way since only 10 s of accumulation time was required. Aleixo et al. [138] have
developed a cathodic stripping voltammetric method for determination of total sulfur in
ethanol. The analytical method was based on the reduction of sulfur compounds to sulphite
using Raney nickel. After that, sulphite was converted to H,S which was detected by DPV-
cathodic stripping voltammetry at a HMDE. The calibration graph covered the
concentration range of 1-40 ppb, and the method was successfully employed for
determination of sulfur in ethanol.

Almeida et al [139] have presented the only work in which a stripping-based method is used
to analyze biodiesel samples. These authors have used constant current potentiometric
stripping at a gold electrode to determine Cu?* in biodiesel. In potentiometric stripping
analysis (PSA) of a metal ion, the preconcentration step is the same as for voltammetric
stripping, that is, the metal is electrodeposited onto electrode surface at constant potential
conditions. After the preconcentration step an anodic current (or a chemical oxidant)
promotes the metal stripping from electrode surface. As the metal is removed from
electrode surface, the working electrode potential varies according to the Nernst equation.
The plot of potential as a function of time gives a curve analogous to a normal redox
titration curve due the logarithmic term on Nernst equation. A sudden change in the
potential (“endpoint”) occurs when all electrodeposited metal has been removed from
electrode surface and the time necessary to reach this point is proportional to the bulk
concentration of the metal ion [90]. A more convenient peak-shaped response for analytical
purposes is obtained by plotting dt/dE vs. E which produces analytical signs in form of
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peaks which are more convenient. The constant current PSA method used by Almeida et al
[139] has allowed the determination of Cu?* in biodiesel without sample decomposition. The
analyses were performed after a simple dilution of biodiesel samples in a mixture ethanol-
HCl aqueous solution, producing a homogeneous mixture in which Cu2?* was directly
quantified. The authors have used an electrodeposition potential of 0 V for 300 s and a
stripping current of 0.5 pA. These experimental conditions were used to perform Cu?*
determination in three spiked commercial biodiesel samples. The obtained results have
shown recovery percentages close to 100 % for all analyzed samples, thus PSA has allowed
Cu?* quantification in biodiesel samples in a very simple, fast inexpensive and reliable way.
Therefore, this work represents a great contribution to electroanalysis of biodiesel, since it is
the first one using a stripping method for biodiesel analysis with no need of sample
decomposition or extraction procedures.

Amperometry-based analytical methods have been also used for develop alternative
analytical methods mainly for determination of organic compounds in bioethanol. The only
work describing an amperometric method for biodiesel analysis was recently written by
Luetkmeyer et al [140]. These authors have developed an electroenzymatic methodology
using an oxygen Clark-type electrode for the determination of free and total glycerol in
biodiesel samples. The enzymatic conversion of glycerol consumes oxygen, which is
measured amperometrically in a Clark-type electrode and is correlated with the
concentration of glycerol in the sample. The analysis of biodiesel samples were performed
after a simple liquid-liquid extraction procedure in which glycerol was extracted from
biodiesel samples by a mixture containing distilled water, ethanol and heptane. The authors
have found a very good correlation between the results obtained by the developed
enzymatic amperometric method and the official gas chromatographic method. The
proposed method was shown to be promising for the analysis of glycerol in biodiesel
samples, with a simpler and inexpensive methodology compared with the gas
chromatography technique.

Other examples of using amperometry for bioethanol analysis involve amperometric
detection in flow analysis and amperometric detection in liquid chromatography. Paula et al
[144] have developed an amperometric-FIA method for quantification of chloride in ethanol
fuel samples. These authors have used a glassy carbon electrode chemically modified with a
poly-aniline film immobilized onto electrode surface by electrochemical polymerization
carried out by cyclic voltammetry. This electrode is able to detect chloride because redox
processes of poly-aniline create positive charges inside the polymeric film, these charges
must be balanced by negative counter ions from solution. As anions with large hydrated
radius can not penetrate in the polymeric film some selectivity is achieve towards small
anions such as Cl-. In the proposed method, the authors have kept work potential at +0.5 V
vs. Ag/AgCl/KClsaturated in glycine without adding supporting electrolyte. In these
experimental conditions, the obtained anodic current is close to zero, since poly-aniline can
not be oxidized in absence of anions as counter ions. When the sample containing chloride
reaches the amperometric detector this anion enables the poly-aniline oxidation giving rise
to an anodic current proportional to chloride concentration. This FIA-amperometric method
was successfully used for determine chloride content in six commercial ethanol fuel sample
and the obtained results were in good agreement with those obtained by a comparative
potentiometric method. All determinations were conducted without any sample
pretreatment procedure which is a very attractive feature.
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HPLC coupled to amperometric detection has been also used for quantification of organic
species in ethanol fuel samples. The combination of separation ability of chromatography
with high sensitivity of amperometric detection is a very useful strategy to analyze complex
matrices such as biofuels, minimizing sample pretreatment requirements. Combination of
LC with EC detection is a selective and sensitive tool for determination of a wide variety of
organic compounds in several kinds of samples, including bioethanol and biodiesel.
Trindade et al [143] have developed an analytical method based on HPLC with
amperometric detection for the simultaneous quantification of SB-14 and solvent red 24 (SV-
24) in ethanol fuel. The authors have observed that these dyes were better separated on a
C18 column, using a mobile phase composed of acetonitrile and ammonium acetate (90:10,
v/v). Detection was performed amperometrically using a glassy carbon electrode kept at
+0.85V vs. Ag/AgCl/KClsaturated- Recovery experiments were carried out in spiked
commercial ethanol fuel samples which were analyzed after a fast filtration step in a 45 pm
membrane. This analytical method has allowed the simultaneous detection of SB-14 and SV-
24 in a very fast and reliable way since recovery percentages close to 100 % were obtained.
HPLC coupled to amperometric detection was also used by Saczk et al [141] for
quantification of carbonyl species in ethanol fuel samples. This chromatographic method
was used to quantify several aldehydes and ketones after chemical derivatisation with 2,4-
dinitrophenylhydrazine. The proposed method has enabled the simultaneous quantification
of 5-hydroxymethylfurfural, 2-furfuraldehyde, butyraldehyde, acetone and methyl ethyl
ketone in ethanol fuel in a fast and reliable way. The amperometric detection was performed
by using a glassy carbon electrode kept at +1 V vs. Ag/AgCl/KClsurated. The
chromatographic separation was carried out by using a C-18 column under isocratic
conditions ~ with a  mobile phase containing a  binary mixture of
methanol/1.0 mmol L1 LiClO4aq (80:20 v/v) and a flow-rate of 1.1 mL min?. The
quantification of these carbonyl compounds is important to evaluate the ethanol oxidation
process, since different aldehydes contents can be related to unsuitable condition of
fermentation, transport and storage of fuel. HPLC with amperometric detection was also
successfully used for quantification of acetaldehyde in ethanol fuel samples [142].

4. Conclusions and perspectives

We can observe that electroanalytical techniques are significantly contributing to bioethanol
and biodiesel quality control by means of official analytical methods which are
characterized by high simplicity and reliability associated with low cost and no need of
specialized operators. We can also conclude that electroanalytical techniques will certainly
continue contributing for bioethanol and biodiesel quality control by providing modern and
efficient analytical methods which may be adopted by technical specifications in the future.
It is interesting to observe that most of alternative electroanalytical-based methods are
developed for determining species whose contents are not currently regulated. Therefore,
the electroanalytical community is fulfilling its scientific role in anticipating solutions by
developing analytical methods to quantify species which may become a future problem for
the quality and commercialization of bioethanol and biodiesel.

We can also observe that the most sensitive electroanalytical methods employed for
bioethanol and biodiesel analysis usually are based on CMEs. The development of this kind
of electrode is a trend in electroanalytical chemistry since them present superior analytical
performance comparatively to non-modified electrodes. Bioethanol and biodiesel are

www.intechopen.com



Electrochemical Methods in Analysis of Biofuels 485

complex matrices, thus any analytical method employed to their analysis must be highly
selective and sensitive. The use of CMEs coupled to modern electroanalytical techniques is
able to satisfactorily respond to these requests. The use of analyte preconcentration coupled
to high selective chemical modifiers has allowed measurements to be performed directly on
biofuel or in slightly diluted biofuel samples. This brings a very important advance for
biofuel analysis since it avoids time-consuming pretreatment procedures making the
analytical method faster, simpler and more reliable. Thus researches on development of new
highly selective chemical modifiers must be intensified in the next years.

Researches on electrodes that exploit the unique properties of nanomaterials such as
nanoporous structures, nanoparticles, nanotubes, etc. have presented an impressive
expansion lately. The use of nanostructured electrodes has brought impressive advances in
stripping voltammetric analysis, since nanostructured modifiers present extremely attractive
features such as high surface area, strong adsorptive nature resulting in lowered detection
limits and high electrocatalytic activity. Thus nanostructured materials have an important
role to play in the field of electroanalysis and also in biofuel electroanalysis. Therefore
development and application of nanostructured electrodes for biofuel analysis will continue
to expand.

Another major trend in electroanalysis is the miniaturization of electrodes and
electrochemical cells because this makes electroanalytical methods highly portable allowing
measures in situ and on line. Moreover, miniaturized electrochemical systems can be used as
detectors in chromatographic methods combining the high sensitivity of electroanalytical
techniques with the separation power of chromatography which is an excellent approach for
analysis of complex samples such as biofuels.

We believe that the research on electroanalytical methods will continue to expand, focusing
mainly on improving detection limits, selectivity and stability of CMEs. Research in the field
of electrochemical sensors has not presented any sign of slowdown due mainly to the
incorporation of nanomaterials into electrochemical sensors platforms. The stability of these
modern electrochemical sensors has increased significantly which has enabled their use in
very complex matrices. Thus, modern electrochemical sensors have potential to significantly
contribute to quality control of biofuels in a very near future.

5. Acknowledgments

The authors are grateful to FAPEMIG (process APQ-00291-09), FAPESP, CAPES and CNPq
(project 552843 /2007-5) for the financial support.

6. Bibliography

[1] J.-E. Petersen Energy production with agricultural biomass: environmental implications
and analytical challenges, European Review of Agricultural Economics 35 (2008) 385-
408.

[2] S. Jebaraja, S. Iniyan A review of energy models, Renewable and Sustainable Energy
Reviews 10 (2006) 281-311.

[3] T. Bridgwater Biomass for energy, . Sci. Food Agric. 86 (2006) 1755-1768.

[4] P. McKendry Energy production from biomass (part 1): overview of biomass,
Bioresource Technology 83 (2002) 37-46.

www.intechopen.com



486 Applications and Experiences of Quality Control

[5] P. McKendry Energy production from biomass (part 2): conversion technologies,
Bioresource Technology 83 (2002) 47-54.

[6] M-K Bahng, C. Mukarakate, D. J. Robichaud, M. R. Nimlos Current technologies for
analysis of biomass thermochemical processing: A review, Anal. Chim. Acta 651
(2009) 117-138.

[7] S. V. Vassilev, D. Baxter, L. K. Andersen, C. G. Vassileva An overview of the chemical
composition of biomass, Fuel 89 (2010) 913-933

[8] C. B. Field, J. E.Campbell, D B. Lobel Biomass energy: the scale of the potential resource,
Trends in Ecology and Evolution 23 (2008) 75-82.

[9] B. Logan Microbial fuels for the future, Nature 454 (2008) 943-944.

[10] K. Johansson, K. Liljequist, L. Ohlander, K. Aleklett Agriculture as Provider of Both
Food and Fuel, AMBIO 39 (2010) 91-99.

[11] A. Evans, V. Strezov, T. J. Evans Sustainability considerations for electricity generation
from biomass, Renewable and Sustainable Energy Reviews 14 (2010) 1419-1427.

[12] E. Rajasekar, A. Murugesan, R. Subramanian, N. Nedunchezhian Review of NOy
reduction technologies in CI engines fuelled with oxygenated biomass fuels,
Renewable and Sustainable Energy Reviews 14 (2010) 2113-2121.

[13] P. Luckow, M. A Wise, J. J. Dooley, S. H. Kim Large-scale utilization of biomass energy
and carbon dioxide capture and storage in the transport and electricity sectors
under stringent CO, concentration limit scenarios, International Journal of
Greenhouse Gas Control xxx (2010) xxx—xxx.

[14] F. Chen, S.-M. Lu, E. Wang, K.-T. Tseng. Renewable energy in Taiwan, Renewable and
Sustainable Energy Reviews 14 (2010) 2029-2038.

[15] I. V.-Vazquez, ]. A. A.-Benitez, C. H.-Santiago Distribution and potential of bioenergy
resources from agricultural activities in Mexico, Renewable and Sustainable Energy
Reviews 14 (2010) 2147-2153.

[16] D. Hoffmann Creation of regional added value by regional bioenergy resources,
Renewable and Sustainable Energy Reviews 13 (2009) 2419-2429.

[17] A. J. Dunnett, N. Shah Prospects for Bioenergy, J. Biobased Mater. Bioenergy 1 (2007) 1-
18.

[18] M. Balat, H. Balat Recent trends in global production and utilization of bio-ethanol
fuel, Applied Energy 86 (2009) 2273-2282.

[19] A. Demirbas Political, economic and environmental impacts of biofuels: A review,
Applied Energy 86 (2009) S108-5117.

[20] A. Demirbas Biofuels securing the planet’s future energy needs, Energy Conversion and
Management 50 (2009) 2239-2249

[21] A. ]J. Ragauskas, C. K. Williams, B. H. Davison, G. Britovsek, J. Cairney, C. A. Eckert,
W.J. Frederick Jr., J. P. Hallett,. D. J. Leak, C. L. Liotta, J. R. Mielenz, R. Murphy, R.
Templer, T. Tschaplinski The Path Forward for Biofuels and Biomaterials, Science
311 (2006) 484-489.

[22] G. Schaub, A. Vetter Biofuels for Automobiles - An Overview, Chem. Eng. Technol. 31
(2008) 721-729.

[23] L. C. M. das Neves, A. Converti, T. C. V. Penna Biogas Production: New Trends for
Alternative Energy Sources in Rural and Urban Zones, Chemical Engineering &
Technology 32 (2009) 1147-1153.

www.intechopen.com



Electrochemical Methods in Analysis of Biofuels 487

[24] A. Rottig, L. Wenning, D. Broker, A Steinbtichel Fatty acid alkyl esters: perspectives for
production of alternative biofuels, Appl. Microbiol. Biotechnol. 85 (2010) 1713-1733.

[25] L. Brennan, P. Owende Biofuels from microalgae— A review of technologies for
production, processing, and extractions of biofuels and co-products, Renewable and
Sustainable Energy Reviews 14 (2010) 557-577.

[26] R. C. Saxena, D. K. Adhikari, H. B. Goyal Biomass-based energy fuel through
biochemical routes: A review, Renewable and Sustainable Energy Reviews 13 (2009)
167-178.

[27] G. W. Festel Biofuels - Economic Aspects, Chem. Eng. Technol. 31 (2008) 715-720.

[28]]. C. Escobar, E. S. Lora, O. J. Venturini, E. E. Yanez, E. F. Castillo, O. Almazan Biofuels:
Environment, technology and food security, Renewable and Sustainable Energy
Reviews 13 (2009) 1275-1287.

[29] R. Hoefnagels, E. Smeets, A. Faaij Greenhouse gas footprints of different biofuel
production systems, Renewable and Sustainable Energy Reviews 14 (2010) 1661-1694.

[30] G. Sivakumar, D. R. Vail, J. Xu, D. M. Burner, J. O. Lay Jr.,, X. Ge, P. J. Weathers
Bioethanol and biodiesel: Alternative liquid fuels for future generations, Eng. Life
Sci. 10 (2010) 8-18.

[31] A. ]J. Waclawovsky1, P. M. Sato, C. G. Lembke, P. H. Moore, G. M. Souza Sugarcane for
bioenergy production: an assessment of yield and regulation of sucrose content,
Plant Biotechnology Journal 8 (2010) 263-276.

[32] S. Kumar, N. Singh, R. Prasad Anhydrous ethanol: A renewable source of energy,
Renewable and Sustainable Energy Reviews 14 (2010) 1830-1844.

[33] O. J. Sanchez, C. A. Cardona Trends in biotechnological production of fuel ethanol
from different feedstocks, Bioresource Technology 99 (2008) 5270-5295

[34] D. R. Keshwani, J. J. Cheng Switchgrass for bioethanol and other value-added
applications: A review, Bioresource Technology 100 (2009) 1515-1523.

[35] P. Alvira, E. Tomés-Pejo, M. Ballesteros, M. J. Negro Pretreatment technologies for an
efficient bioethanol production process based on enzymatic hydrolysis: A review,
Bioresource Technology 101 (2010) 4851-4861.

[36] E. Gnansounou, A. Dauriat Techno-economic analysis of lignocellulosic ethanol: A
review, Bioresource Technology 101 (2010) 4980-4991

[37] S. Brethauer, C. E. Wyman Continuous hydrolysis and fermentation for cellulosic
ethanol production, Bioresource Technology 101 (2010) 4862-4874.

[38] F. M. Girio, C. Fonseca, F. Carvalheiro, L. C. Duarte, S. Marques, R. Bogel-Lukasik
Hemicelluloses for fuel ethanol: A review, Bioresource Technology 101 (2010) 4775~
4800.

[39] C. Weber, A. Farwick, F. Benisch, D. Brat, H. Dietz, T. Subtil, E. Boles Trends and
challenges in the microbial production of lignocellulosic bioalcohol fuels, Appl
Microbiol Biotechnol 87 (2010) 1303-1315.

[40] M. Fangrui, M. A. Hanna Biodiesel production: a review, Bioresource Technology 70
(1999) 1-15.

[41] Y. C. Sharma, B. Singh Development of biodiesel: Current scenario, Renewable and
Sustainable Energy Reviews 13 (2009) 1646-1651

[42] E. P. Feofilova, Ya. E. Sergeeva, and A. A. Ivashechkin Biodiesel-Fuel: Content,
Production, Producers, Contemporary Biotechnology (Review), Applied
Biochemistry and Microbiology 46 (2010) 369-378.

www.intechopen.com



488 Applications and Experiences of Quality Control

[43] K. Narasimharao, A. Lee, K. Wilson Catalysts in Production of Biodiesel: A Review, J.
Biobased Materials and Bioenergy 1 (2007) 19-30.

[44] E. C Francisco, D. B Neves, E. Jacob-Lopesb, T. T. Franco Microalgae as feedstock for
biodiesel production: Carbon dioxide sequestration, lipid production and biofuel
quality, J. Chem. Technol. Biotechnol. 85 (2010) 395-403.

[45] S. A. Scott, M. P. Davey, J. S. Dennis, I. Horst, C. J. Howe, D. J. Lea-Smith, A. G. Smith
Biodiesel from algae: challenges and prospects, Current Opinion in Biotechnology 21
(2010) 277-286.

[46] Sugarcane bioethanol R&D for productivity and sustainability. Edited by L. A. B.
Cortez, Blucher-FAPESP, 2010 Chap. 21.

[47] White paper on internationally compatible biofuel standards. Tripartite task force:
Brazil, European Union & United States of America, Dec. 31, 2007. Available on

www.inmetro.gov.br/painelsetorial / biocombustiveis/ whitepaper.pdf.

[48] P. Spitzer, P. Fisicaro, S. Seitz, R. Champion pH and electrolytic conductivity as
parameters to characterize bioethanol, Accred Qual Assur 14 (2009) 671-676.

[49] M. F. Oliveira, A. A. Saczk, L. L. Okumura, N. R. Stradiotto Analytical Methods
Employed at Quality Control of Fuel Ethanol, Energy Fuels 23 (2009) 4852-4859.

[50] G. Knothe Analyzing Biodiesel: Standards and Other Methods, JAOCS 83 (2006) 823-
833.

[61] S. Jain, M. P. Sharma Review of different test methods for the evaluation of stability of
biodiesel, Renewable and Sustainable Enerqy Reviews 14 (2010) 1937-1947.

[62] M. R. Monteiro, A. R. P. Ambrozin, L. M. Lido, A. G. Ferreira Critical review on
analytical methods for biodiesel characterization, Talanta 77 (2008) 593-605.

[53] I. P. Lobo, S. L. C. Ferreira, R. S. Cruz Biodiesel: parametros de qualidade e métodos
analiticos, Quim. Nova 32 (2009) 1596-1608.

[54] M. V. Marques, F. F. Naciuk, A. M. S. Mello, N. M. Seibel, L. A. M. Fontoura
Determinacao do teor de ésteres graxos em biodiesel metilico de soja por
cromatografia gasosa utilizando oleato de etila como padrdo interno, Quim. Nova
33 (2010) 978-980.

[65] C. Ragonesea, P. Q. Tranchidaa, D. Sciarronea, L. Mondelloa Conventional and fast gas
chromatography analysis of biodiesel blends using an ionic liquid stationary
phase, Journal of Chromatography A 1216 (2009) 8992-8997.

[56] S. Schober, 1. Seid, A. Meinitzer, M. Mittelbach A method for the determination of
polyunsaturated fatty acid methyl esters in biodiesel: Results of an interlaboratory
study, Eur. J. Lipid Sci. Technol. 111 (2009) 829-834.

[57] E. Adam, F. Bertoncinia, V. Couparda, N. Charona, D. Thiébautb, D. Espinata, M.-C.
Hennion, Using comprehensive two-dimensional gas chromatography for the
analysis of oxygenates in middle distillates: I. Determination of the nature of
biodiesels blend in diesel fuel, Journal of Chromatography A 1186 (2008) 236-244.

[58] L. Hejazi, D. Ebrahimi, M. Guilhaus, D. B. Hibbert Determination of the Composition
of Fatty Acid Mixtures Using GC x FI-MS: A Comprehensive Two-Dimensional
Separation Approach, Anal. Chem. 81 (2009) 1450-1458.

[59] G. Santori, A. Arteconi, G. Di Nicola, M. Moglie, R. Stryjek Quantitation of
Compounds in Biodiesel Mixtures with Reversed-Phase Liquid Chromatography,
Energy & Fuels 23 (2009) 3783-3789.

www.intechopen.com



Electrochemical Methods in Analysis of Biofuels 489

[60] K. Kittirattanapiboon, K. Krisnangkura Separation of acylglycerols, FAME and FFA in
biodiesel by size exclusion chromatography, Eur. |. Lipid Sci. Technol. 110 (2008)
110 422-427.

[61] M. Hajek, F. Skopal, J. Kwiecien, M. Cernoch, Determination of esters in glycerol phase
after transesterification of vegetable oil, Talanta 82 (2010) 283-285.

[62] M. Nagy, B. ]. Kerr, C. J. Ziemer, A. J. Ragauskas Phosphitylation and quantitative 31P
NMR analysis of partially substituted biodiesel glycerols, Fuel 88 (2009) 1793-1797.

[63] M. R. Monteiro, A. R. P. Ambrozin, L. M. Lido, A. G. Ferreira Determination of biodiesel
blend levels in different diesel samples by 1H NMR, Fuel 88 (2009) 691-696.

[64] ]. K. Satyarthi, D. Srinivas, P. Ratnasamy Estimation of Free Fatty Acid Content in Oils,
Fats, and Biodiesel by 1H NMR Spectroscopy, Energy & Fuels 23 (2009) 2273-2277.

[65] V. M. Mello, F. C. C. Oliveira, W. G. Fraga, C. ]J. Nascimento, P. A. Z. Suareza
Determination of the content of fatty acid methyl esters (FAME) in biodiesel
samples obtained by esterification using 'H-NMR spectroscopy, Magn. Reson. Chem.
46 (2008) 1051-1054.

[66] M. Nagy, M. Foston, A. ]J. Ragauskas Rapid quantitative analytical tool for
characterizing the preparation of biodiesel, |. Phys. Chem. A 114 (2010), 3883-3887.

[67] N. N. Mahamuni, Y. G. Adewuyi Fourier transform infrared spectroscopy (FTIR)
method to monitor soy biodiesel and soybean oil in transesterification reactions,
petrodiesel-biodiesel blends, and blend adulteration with soy oil, Energy & Fuels 23
(2009) 3773-3782.

[68] C. J. Chuck, C. D. Bannister, J. G. Hawley, M. G. Davidson Spectroscopic sensor
techniques applicable to real-time biodiesel determination, Fuel 89 (2010) 457-461.

[69] P. V. Abdelnur, L. S. Eberlin, G. F. Sa, V. Souza, M. N. Eberlin Single-shot biodiesel
analysis: nearly instantaneous typification and quality control solely by ambient
mass spectrometry, Anal. Chem. 80 (2008) 7882-7886.

[70] R. G. D. Prates, R. Augusti, I. C. P. Fortes Electrospray Ionization Mass Spectrometry
and Multivariate Calibration Analysis: A Combined Protocol To Quantify Biodiesel
in Blends with Petrodiesel, Energy Fuels 24 (2010) 3183-3188.

[71] S. Pinzi, F. P. Capote, ]J. R. Jiménez, M. P. Dorado, M. D. L. Castro Flow injection
analysis-based methodology for automatic on-line monitoring and quality control
for biodiesel production, Bioresource Technology 100 (2009) 421-427.

[72] V. Rio, M. S. Larrechi, M. P. Callao Sequential injection titration method using second-
order signals: determination of acidity in plant oils and biodiesel samples, Talanta
81 (2010) 1572-1577.

[73] F. H. Lyra, M. T. W. D. Carneiro, G. P. Branddao, H. M. Pessoa, E. V. Castro
Determination of Na, K, Ca and Mg in biodiesel samples by flame atomic
absorption spectrometry (FAAS) using microemulsion as sample preparation,
Microchemical Journal 96 (2010) 180-185.

[74] A. Jesus, A. V. Zmozinski, J. A. Barbara, M. G. R. Vale, M. M. Silva Determination of
Calcium and Magnesium in Biodiesel by Flame Atomic Absorption Spectrometry
Using Microemulsions as Sample Preparation, Energy Fuels 24 (2010) 2109-2112.

[75] E. S. Chaves, T. D. Saint'Pierre, E. J. Santos, L. Tormen, V. L. A. F. Bascunana, A. J.
Curtius Determination of Na and K in Biodiesel by Flame Atomic Emission
Spectrometry and Microemulsion Sample Preparation, |. Braz. Chem. Soc. 19 (2008)
856-861.

www.intechopen.com



490 Applications and Experiences of Quality Control

[76] A. P. O., R. D. Villa, K. C. P. Antunes, A. Magalhdes, E. C. Silva Determination of
sodium in biodiesel by flame atomic emission spectrometry using dry
decomposition for the sample preparation, Fuel 88 (2009) 764-766.

[77] F. H. Lyra, M. T. W. D. Carneiro, G. P. Brandao, H. M. Pessoa, E. V. R. Castro Direct
determination of phosphorus in biodiesel samples by graphite furnace atomic
absorption spectrometry using a solid sampling accessory, |. Anal. At. Spectrom., 24
(2009) 1262-1266.

[78] M. A. Vieira, L. C. C. Oliveira, R. A. Gongalves, V. Souza, R. C. Campos Determination
of As in Vegetable Oil and Biodiesel by Graphite Furnace Atomic Absorption
Spectrometry, Energy Fuels 23 (2009) 5942-5946.

[79]].S. A. Silva, E. S. Chaves, E. J. Santos, T. D. Saint'Pierre, V. L. A. Frescura, A. J. Curtius
Calibration Techniques and Modifiers for the Determination of Cd, Pb and TI in
Biodiesel as Microemulsion by Graphite Furnace Atomic Absorption
Spectrometry, J. Braz. Chem. Soc., 21 (2010) 620-626.

[80] P. R. Aranda, P. H. Pacheco, R. A. Olsina, L. D. Martinez, R. A. Gil Total and inorganic
mercury determination in biodiesel by emulsion sample introduction and FI-CV-
AFS after multivariate optimization, J. Anal. At. Spectrom. 24 (2009) 1441-1445.

[81] M. Trojanowicz Recent developments in electrochemical flow detections— A review
Part I. Flow analysis and capillary electrophoresis, Anal. Chim. Acta 653 (2009) 36-
58.

[82] J. Wang Analytical Electrochemistry, Wiley-VCH, New York, 2nd Ed., 2001.

[83] A. Doménech-Carbé Voltammetric methods applied to identification, speciation, and
quantification of analytes from works of art: an overview, J. Solid State Electrochem.
14 (2010) 363-379.

[84] M. Scampicchio, D. Ballabio, A. Arecchi, S. M. Cosio, S. Mannino Amperometric
electronic tongue for food analysis, Microchim. Acta 163 (2008) 11-21.

[85] L. Agui, P. Yanez-Sedefio, ]. M. Pingarrén Role of carbon nanotubes in
electroanalytical chemistry A review, Anal. Chim. Acta, 622 (2008) 11-47.

[86] A. J. Saleh Ahammad, J.-J. Lee, M. A. Rahman Electrochemical Sensors Based on
Carbon Nanotubes, Sensors 9 (2009) 2289-2319.

[87] F. W. Campbell, R. G. Compton. The use of nanoparticles in electroanalysis: an
updated review, Anal. Bioanal. Chem. 396 (2010) 241-259.

[88] A. Walcarius Electroanalytical Applications of Microporous Zeolites and Mesoporous
(Organo)Silicas: Recent Trends, Electroanalysis 20 (2008) 711 - 738

[89] A. Walcarius Template-directed porous electrodes in electroanalysis, Anal. Bioanal.
Chem. 396 (2010) 261-272.

[90] P. T. Kissinger, W. R. Heineman Laboratory techniques in electroanalytical chemistry,
Marcel Dekker, New York, 2nd Ed., 1996.

[91] A. J. Bard, L. R. Faulkner Electrochemical methods: fundamentals and applications. John
Wiley & Sons: New York, 2nd Ed., 2001.

[92] D. T. Sawyer, A. Sobkowiak, J. L. Roberts Jr. Electrochemistry for chemists. John Wiley &
Sons: New York, 2nd Ed., 1995.

[93] J. Bobacka, A. Ivaska, A. Lewenstam Potentiometric ion sensor, Chem. Rev. 108 (2008)
329-351.

[94] B. J. Privett, J. H. Shin, M. H. Schoenfisch Electrochemical Sensors, Anal. Chem. 82
(2010) 4723-4741.

www.intechopen.com



Electrochemical Methods in Analysis of Biofuels 491

[95] D. A. Skoog, F. J. Holler, S. R. Crouch Principles of instrumental analysis, Harcourt Inc,
5th Ed., 1998.

[96] J. G. Osteryoung, R. A. Osteryoung Square wave voltammetry, Anal. Chem. 57 (1985)
101A.

[97] R. G. Compton, G. E. Banks. Understanding voltammetry, Word Scientific Publishing Co:
Singapore, 2009.

[98] A. W. Bott Practical Problems in Voltammetry 3: Reference Electrodes for
Voltammetry, Current separations 14 (1995) 64-68.

[99] M. W. Shinwari, D. Zhitomirsky, I. A. Deen, P. R. Selvaganapathy, M. ]J. Deen, D.
Landheer Microfabricated Reference Electrodes and their Biosensing Applications,
Sensors 10 (2010) 1679-1715.

[100] J. Barek 50 Anniversary of Nobel Prize for Polarography, Polarography Lounge (2009)
27-31.

[101] J. Barek, J. Zima Eighty Years of Polarography - History and Future, Electroanalysis 15
(2003) 467-472.

[102] A. Qureshi, W. P. Kang, J. L. Davidson, Y. Gurbuz Review on carbon-derived, solid-
state, micro and nano sensors for electrochemical sensing applications, Diamond &
Related Materials 18 (2009) 1401-1420.

[103] R. L. McCreery Advanced carbon electrode materials for molecular electrochemistry,
Chem. Rev. 108 (2008) 2646-2687.

[104] I. Svancara, K. Vytras, K. Kalcher, A. Walcarius, J. Wang Carbon paste electrodes in
facts, numbers and notes: A review on the occasion of the 50-years jubilee of
carbon paste in electrochemistry and electroanalysis, Electroanalysis 21 (2009) 7-28.

[105] I. Svancara, A. Walcarius, K. Kalcher, K. Vytras Carbon paste electrodes in the new
millennium, Cent. Eur. . Chem. 7 (2009) 598-656.

[106] J-M. Zen, A. S. Kumar, D-M Tsai Recent updates of chemically modified electrodes in
analytical chemistry, Electroanalysis, 15 (2003) 1073-1087.

[107] X. Xie, D. Stueben, Z. Berner The application of microelectrodes for the measurements
of trace metals in water, Anal. Lett. 38 (2005) 2281-2300.

[108] O. Ordeig, J. Campo, F. X. Munfioz, C. E. Banks, R. G. Compton Electroanalysis
Utilizing Amperometric Microdisk Electrode Arrays, Electroanalysis 19 (2007) 1973-
1986.

[109] M. M. Villalba, J. Davis New directions for carbon-based detectors: exploiting the
versatility of carbon substrates in electroanalysis, . Solid State Electrochem. 12
(2008) 1245-1254.

[110] R. M. da Silva, P. P. Borges, I. C. S. Fraga, N. R. Stradiotto New methodology for pH
measurements in fuel ethanol using glass electrode, |. ASTM International (2010).
In analysis.

[111] M. S. Castilho, N. R. Stradiotto Determination of potassium ions in biodiesel using a
nickel(IT) hexacyanoferrate-modified electrode, Talanta 74 (2008) 1630-1634.

[112] P. Rapta, J. Paligova, H. Rotheneder, ]J. Cvengros Determination of potassium in fatty
acid methyl esters applying an ion-selective potassium electrode, Chem. Pap. 61
(2007) 337-341.

[113] G. Oliveira Neto, S. H. P. Serrano, E. F. A. Neves A New Type of Precipitating Agent
for Copper Membrane Electrode, Anal. Lett. 20 (1987) 1363-1377.

www.intechopen.com



492 Applications and Experiences of Quality Control

[114] H. M. Avelar, P. J. S. Barbeira Conductometric determination of total acidity and
chloride content in automotive fuel ethanol, Fuel 86 (2006) 299-302.

[115] H. Herrmann, K. Chassiniol, D. Thomas Ion chromatography for ethanol analysis,
LaborPraxis 31 (2007) 46-47.

[116] A. Steinbach, A. Willie Ion chromatography in biofuels analysis. Anions, antioxidants,
alkaline earth and alkali metal-ions in biodiesel, GIT Spezial Separation 28 (2008) 54-
56.

[117] R. A. A. Munoz, E. M. Richter, D. P. Jesus, C. L. Lago, L. Angnes Determination of
Inorganic Ions in Ethanol Fuel by Capillary Electrophoresis, J. Braz. Chem. Soc. 15
(2004) 523-526.

[118] D. C. Romanini, M. A. G. Trindade, M. V. B. Zanoni A simple electroanalytical
method for the analysis of the dye solvent orange 7 in fuel ethanol, Fuel 88 (2009)
105-109.

[119] M. A. G. Trindade, M. V. B. Zanoni Square-wave voltammetry applied to the analysis
of the dye marker, Solvent blue 14, in kerosene and fuel alcohol, Electroanalysis 19
(2007) 1901-1907.

[120] M. A. G. Trindade, M. V. B. Zanoni Voltammetric sensing of the fuel dye marker
Solvent Blue 14 by screen-printed electrodes, Sens. Actuators B 138 (2009) 257-263.

[121] V. S. Rodgher, L. L. Okumura, A. A. Saczk, N. R. Stradiotto, and M. V. B. Zanoni
Electroanalysis and Determination of Acetaldehyde in Fuel Ethanol Using the
Reaction with 2,4-Dinitrophenylhydrazine, ]. Anal. Chem. 61 (2006) 889-895.

[122] V. S. Rodgher, N. R. Stradiotto, M. V. B. Zanoni Eletroandlise de derivados
acetaldeido com hidrazina e determinacdo em amostras de dlcool combustivel por
voltametria de onda quadrada, Quim. Nova 29 (2006) 662-665.

[123] G. L. P. da Silva, O E. S. Godinho Polarographic determination of free acetaldehyde
by direct reduction of its imino-derivates in aqueous alcoholic media, Anais - ABQ
46 (1997) 256-262.

[124] A. A. Saczk, M. F. Oliveira, L. L. Okumura, N. R. Stradiotto Comportamento
voltamétrico da reducao de 2- furfuraldeido em etanol utilizando eletrodo de
carbono vitreo, Eclet. Quim. 27 (2002), 141-151.

[125] L. M. Lourenco, N. R. Stradiotto Determination of free glycerol in biodiesel at a
platinum oxide surface using potential cycling technique, Talanta 79 (2009) 92-96.

[126] T. A. Aratjo, A. M. ]. Barbosa, L. H. Viana, V. S. Ferreira Voltammetric determination
of tert-butylhydroquinone in biodiesel using a carbon paste electrode in the
presence of surfactant, Colloids and Surfaces B: Biointerfaces 79 (2010) 409-414.

[127] R. M. Takeuchi, A. L. Santos, P. M. Padilha, N. R. Stradiotto Copper determination in
ethanol fuel by differential pulse anodic stripping voltammetry at a solid paraffin-
based carbon paste electrode modified with 2-aminothiazole organofunctionalized
silica, Talanta 71 (2007) 771-777.

[128] R. M. Takeuchi, A. L. Santos, M. J. Medeiros, N. R. Stradiotto Copper determination
in ethanol fuel samples by anodic stripping voltammetry at a gold microelectrode,
Microchim. Acta 164 (2007) 101-106.

[129] L. Cesarino, G. Marino, E. T. G. Cavalheiro A novel graphite-polyurethane composite
electrode modified with thiol-organofunctionalized silica for the determination of
copper ions in ethanol fuel, Fuel 89 (2010) 1883-1888.

www.intechopen.com



Electrochemical Methods in Analysis of Biofuels 493

[130] R. A. A. Munoz, L. Angnes. Simultaneous determination of copper and lead in
ethanol fuel by anodic stripping voltammetry, Microchem. J. 77 (2004) 157-162.

[131] M. F. Oliveira, A. A. Saczk, L. L. Okumura, A. P. Fernandes, M. Moraes, N. R.
Stradiotto Simultaneous determination of zinc, copper, lead, and cadmium in fuel
ethanol by anodic stripping voltammetry using a glassy carbon-mercury-film
electrode, Anal. Bioanal. Chem. 380 (2004) 135-140.

[132] M. F. Bergamini, S. I. Vital, A. L. Santos, N. R. Stradiotto Determinacdo de chumbo
em alcool combustivel por voltametria de redissolucdo anédica utilizando um
eletrodo de pasta de carbono modificado com resina de troca i6nica Amberlite IR
120, Eclet. Quim. 31 (2006) 45-52.

[133] R. M. Takeuchi , A. L. Santos, P. M. Padilha, N. R. Stradiotto A solid paraffin-based
carbon paste electrode modified with 2-aminothiazole organofunctionalized silica
for differential pulse adsorptive stripping analysis of nickel in ethanol fuel, Anal.
Chim. Acta 584 (2007) 295-301.

[134] F. O. Tartarotti, M. F.Oliveira, V. R. Balbo, N. R. Stradiotto Determination of nickel in
fuel ethanol wusing a carbon paste modified electrode containing
dimethylglyoxime, Microchim. Acta 155 (2006) 397-401.

[135] C. S. Mattos, D. R Do Carmo, M. F. Oliveira, N. R. Stradiotto Voltammetric
determination of total iron in fuel ethanol using a 1,10 fenantroline/nafion carbon
paste-modified electrode, Int. |. Electrochem. Sci. 3 (2008) 338-345.

[136] M. E. Oliveira; A. A. Saczk; L. L. Okumura; N. R. Stradiotto Determinacdo de zinco
em alcool combustivel por voltametria de redissolucdo anddica, Eclet. Quim. 27
(2002) 153-160.

[137] H. B. P. Ferreira, T. A. F. Lima, P. J. S. Barbeira Voltammetric determination of
chloride ion in automotive fuel ethanol, Electroanalysis 20 (2008) 390-395.

[138] L. M. Aleixo, S. Rath, O. E. S. Godinho, A. U. Ivaska Determination of total sulfur in
ethanol by reduction using raney-nickel and detection by cathodic stripping
voltammetry, Analyst 113 (1988) 1427-1429.

[139] E. S. Almeida, M. A. N. A. Monteiro, R. H. O. Montes, R. Mosquetta, N. M. M. Coelho,
E. M. Richter, R. A. A. Mufoz Direct Determination of Copper in Biodiesel Using
Stripping Analysis, Electroanalysis 22 (2010) 1846-1850.

[140] T. Luetkmeyer, R. M. Santos, A. B. Silva, R. S. Amado, E. C. Vieira, E. D’Elia Analysis
of Free and Total Glycerol in Biodiesel Using an Electrochemical Assay Based on a
Two-Enzyme Oxygen-Electrode System, Electroanalysis 22 (2010) 995-999.

[141] A. A. Saczk, L. L. Okumura, M. F. de Oliveira, M. V. B. Zanoni, N. R. Stradiotto
Determination of aldehydes and ketones in fuel ethanol by high-performance
liquid chromatography with electrochemical detection, Chromatographia 63 (2006)
45-51.

[142] A. A. Saczk, L. L. Okumura, M. F. de Oliveira, M. V. B. Zanoni, N. R. Stradiotto
Determination of acetaldehyde in fuel ethanol by high-performance liquid
chromatography with electrochemical detection, Anal. Sci. 21 (2005) 441-444.

[143] M. A. G. Trindade, D. Rinaldo, W. Vilegas, M. V. B. Zanoni Determinacdo de corantes
marcadores do tipo azo e antraquinona em combustiveis por cromatografia
liquida com deteccdo eletroquimica, Quim. Nova 33 (2010) 146-150.

www.intechopen.com



494 Applications and Experiences of Quality Control

[144] D. T. Paula, H. Yamanaka, M. F. Oliveira, N.R. Stradiotto Determination of chloride in
fuel ethanol using polyaniline-chemically modified electrode in flow injection
analysis, Chem. Technol. Fuels Oils 44 (2008) 435-440.

[145] J. A. F. da Silva, C. L. Lago An oscillometric detector for capillary electrophoresis,
Anal. Chem. 70 (1998) 4339-4343.

[146] A. ]J. Zemann, E. Schnell, D. Volgger, G. K. Bonn Contactless Conductivity Detection
for Capillary Electrophoresis, Anal. Chem. 70 (1998) 563-567.

[147] H. Lund, O. Hammerich. Organic Electrochemistry, 4th Ed., Marcel Dekker, New York,
2001.

www.intechopen.com



Applications and Experiences of Quality Control
QUALITY CONTROL Edited by Prof. Ognyan lvanov

Uity Dy Branow

ISBN 978-953-307-236-4
Hard cover, 704 pages

y LN
o N

SOARAWTEE Publisher InTech
Co i Published online 26, April, 2011
Published in print edition April, 2011

The rich palette of topics set out in this book provides a sufficiently broad overview of the developments in the
field of quality control. By providing detailed information on various aspects of quality control, this book can
serve as a basis for starting interdisciplinary cooperation, which has increasingly become an integral part of
scientific and applied research.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

André L. Santos, Regina M. Takeuchi, Paula G. Fenga and Nelson R. Stradiotto (2011). Electrochemical
Methods in Analysis of Biofuels, Applications and Experiences of Quality Control, Prof. Ognyan Ivanov (Ed.),
ISBN: 978-953-307-236-4, InTech, Available from: http://www.intechopen.com/books/applications-and-
experiences-of-quality-control/electrochemical-methods-in-analysis-of-biofuels

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE BHIERARKESS _HiBEFR R ARG I AE4058TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2011 The Author(s). Licensee IntechOpen. This chapter is distributed
under the terms of the Creative Commons Attribution-NonCommercial-
ShareAlike-3.0 License, which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited and

derivative works building on this content are distributed under the same
license.




