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Abstract: One of the advantages of using biodiesel and its blends with diesel oil is the lower levels
of emissions of particulate matter, sulfur dioxide, carbon monoxide, among others, making it less
harmful to the environment and to humans. However, this biofuel is susceptible to microbial
contamination and biodeterioration. In this sense, studies on the use of effective low toxicity
biocides are being carried out, and this work aims to present the latest information (2008–2018)
available in the scientific databases, on the use of biocides in biodiesel, mainly concerning their
toxicity to the environment and public health. The results showed that in relation to the control
of microbial contamination, the current scenario is limited, with seven publications, in which the
most studied additives were isothiazolinones, oxazolidines, thiocyanates, morpholines, oxaborinanes,
thiocarbamates and phenolic antioxidants. Studies regarding direct experiments with humans have
not been found, showing the need for more studies in this area, since the potential growth of biodiesel
production and consumption in the world is evident. Thus, there are need for more studies on
antimicrobial products for use in biodiesel, with good broad-spectrum activity (bactericidal and
fungicidal), and further toxicological tests to ensure no or little impact on the environment.
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1. Introduction

Biodiesels are composed of monoalkyl esters of fatty acids extracted from vegetable and microbial
oils or animal fat. Alternative fuels based on biomass are achieving optimum results due to its efficiency
and effectiveness. Compared to fossil fuels, biodiesel feedstocks are more accessible, renewable and
economically viable [1].

Some studies on these fuels’ life cycle have shown that biodiesels release-less CO2 into the
environment than diesel, a petroleum-derived compound. Therefore, biofuels contribute to the
reduction of greenhouse gases. Also, the combustion emissions of biodiesel have lower levels of
particulate matter, polyaromatic hydrocarbons, sulfur dioxide, carbon monoxide, aldehydes and
ketones than fossil fuels, thus making it less harmful to humans. A practical concern for biodiesels
is that the oil-like component, in the presence of water, provides a fertile environment for microbial
growth, leading to the contamination of stored fuels, pipelines and compromising the characteristic
fuel performance [2,3].
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One can say that fostering biodiesel use could mitigate environmental issues, which is of a major
importance in the world today [1,4]. However, biodiesel blends are highly susceptible to microbial
contamination due to their hygroscopic capacity and its structure, predominantly composed by eight
different methyl esterified fatty acids [5–8]. As a result, the contamination negatively affects product
quality, compromises system and engine performance, as well as contributes to the corrosion of storage
tanks [9]. Due to the practicality in the biodeterioration of biodiesels, this review focuses on the
effective use of additives with low toxicity [10].

In this perspective, a biocide is added to biodiesel to inhibit or stop microbial growth; however,
there is a lack of literature on the infallibility of its isolated use, in addition to a lack of research and
publications analyzing the dangers of toxicity to the environment and society of the addition of the
additive packages in the biofuel [11,12].

Antimicrobial pesticides, also known as microbicides or biocides, are chemicals used to eradicate
microbes that contaminate fuel systems. Microbicides can be classified as bactericides or fungicides
according to the target organism: bacteria or fungi, respectively. Other types of microbicides can also
function as broad spectrum antimicrobial pesticides because they are effective against both bacteria
and fungi and algae [10]. Furthermore, biocides can also be categorized based on their fuel and water
solubility as water soluble, fuel soluble or dual soluble.

The 2009 World Health Organization (WHO) Recommended Classification Of Pesticides By
Hazard and Guidelines to Classification document [13] sets out a classification system to differentiate
between the greater and lesser hazardous forms of pesticides based on acute risk to human health, i.e.,
the risk of single or multiple exposures within a short period of time. The document considers the
toxicity of the active substance and refers to methods for the classification of formulations. However,
data on biocide selection for fuel use should be based on objective treatments and proper regulations,
which may vary from country to country.

For example, in the United States the use of biocides is regulated by the United States
Environmental Protection Agency (USEPA) which requires prior approval from the USEPA Office of
Pesticides Programs (40 CFR 152) [14,15]. American Standards ASTM D 6469-17 provides a guideline
for microbial contamination in fuels and fuel systems, which includes strategies for controlling
microbial growth [14]. In Europe, the antimicrobial pesticides are regulated by the Biocidal Products
Directive in the European Economic Union, Regulation (EU) No 528/2012 [16]. In Brazil, it is no longer
necessary for these additives to be registered in the National Petroleum Agency (ANP), which aims to
simplify administrative processes and reduce regulatory costs, intended to stimulate competition and
offer of products in the market. The ANP considers the registration of additives for automotive fuel to
be unnecessary, since the Agency is already engaged in quality assurance of fuels (additives or not),
which is provided through monitoring programs directed to protect the interests of consumers [17].

Regarding the concentration levels of biocides found in biodiesel and diesel-biodiesel blends,
which are already contaminated systems, the recommendation is the application of 1000 ppm [18,19].
Preferably, the dosage can be, for example, 100 ppm [19], 200 ppm [20,21] or 400 ppm [18]; in which
the concentration variation may follow the product’s distributor’s guidelines.

Biocides are products with a large range of components and chemical structures, and can be
characterized as oxidants (ozone, hydrogen peroxide, chlorinated compounds) and non-oxidants
(sulfur compounds, tin compounds, isothiazolones, copper salts, etc), while the oxidants aim at
oxidizing the microbial cells’ components, the non-oxidants interfere with metabolism and cellular
disintegration [9].

A biocide’s performance depends on the different cell types of the microorganisms that are
exposed to it. Isothiazolinones, for example, initially act with their biostatic properties and promote
the loss of the thiol group (SH) binding of the polymer chains of proteins that are necessary in cellular
structure and functioning [21].
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Several approaches have been used to investigate biocides′ ability to degrade fuel microorganisms,
but there is no standard protocol for biodiesel degradation testing, although it is considered to be a
particularly vulnerable fuel for microbial deterioration [9,22,23].

Therefore, the objective of this work is to present the latest scientific information available on
the use of biocides in biodiesel, and to report relevant work on their toxicity to the environment and
public health.

2. World Biodiesel Production

The advantage of biodiesels, if compared to conventional fuels, is its lower levels of pollution in
the refining, production and use of the product which, in turn, has demonstrated to be harmless to
the environment [1,24]. Despite this great advantage, biodiesels have higher production costs when
compared to other fuels [24]. Their high large-scale production cost is due to the need for specialized
professionals and sophisticated equipment and infrastructure. Additionally, the synthesis involved in
the production process requires specialized knowledge in multiples areas, such as organic chemistry,
biochemistry, physical chemistry, safety, reagent and waste toxicity [24]. The synthesis process of
biofuels can use methanol, an extremely poisonous chemical, as well as strong bases, such as sodium
hydroxide (NaOH), which are also highly toxic and corrosive [24].

The transesterification technique is the most common method used to produce biodiesel,
increasing the reaction of the triglycerides present in vegetable oils and animal fats with alcohol
in the presence of a catalyst [25–27]. Potassium hydroxide (KOH) and sodium hydroxide (NaOH) are
used as alkaline catalysts to produce biodiesel and represent one of the most conventional ways for this
process. Thus, these reagents are usually inserted in the synthesis routes in industrial and commercial
scale at a low cost [2,27]. Using the search string “TITLE-ABS-KEY (Biodiesel AND Synthesis) and
PUBYEAR > 2013”, a total of 3294 papers published in the Scopus database until 25 August 2018 were
found. From this set, 1770 were published only in the last five years (from 2014 to 2018). Regarding
these 1770 papers, the map in Figure 1 shows the repetition of the search strings (at least 20 times) in
their titles, keywords and abstracts.
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Figure 1. The 1770 research papers found in the Scopus database, from 2014 to 2018, with the string
“Biodiesel AND Synthesis”; its recurrences and connectivity between specific terms (analysis in
VOSviewer software 1.6.8 (2018)). Source: Scopus [28].
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There are three clusters with a total of 261 terms. The cluster associated with the biodiesel term is
the one with the highest recurrence and it is highlighted in yellow in Figure 2.
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Figure 2. Data with a research database based on Scopus, between the years 2014–2018, with the
string “Biodiesel AND Synthesis” found recurrences between specific terms. The clearer the color, the
greater the number of recurrences of this term (analysis in software VOSviewer 1.6.8 (2018)). Source:
Scopus [28].

According to Figures 1 and 2, the most frequently used terms are catalysis [27,29],
homogeneous catalyst [30], heterogeneous catalysis [31–33], biosynthesis [34], esterification [27,31,35],
transesterification [36–38], enzyme synthesis [39,40], microalga. Additionally, the most exploited
synthetic routes are by transesterification and esterification.

Different synthetic routes and catalysts are being used, because the most common synthesis
implicates the execution of multiple processes, such as glycerol purification, pH solution neutralization,
biodiesel washing-drying, and wastewater treatment [27,41]. Furthermore, the application of alkali
catalysts is limited to the acid number of the waste lipid source. It is known that, when the acid number
is too high it is preferable to use another catalyst class in order to avoid an excess of soap formation in
solution and low yields [27]. Therefore, enzyme-catalyzed transesterification, as well as biosynthesis,
could be both promising alternatives for the synthesis of this biofuel.

The worldwide production of biodiesel is lower than that of ethanol. However, while ethanol is
produced mostly in Brazil and in the USA, biodiesel is manufactured in multiple countries around
the world, each one maintaining their own legislations and regulatory procedures, as well as different
business strategies. This worldwide production facilitated the entry of the product on the world’s
commodity list, favoring the development of this new market on a global scale [41,42].

In Brazil, Law N◦. 11097/2005 (National Program for the Production and Use of Biodiesel)
determined the compulsory use of a minimum percentage (5%) of biodiesel in diesel oil (B5). This
law lasted eight years [43], until 2013, when a new resolution 647/2014 [44] established a compulsory
percentage of 7% (B7) of biodiesel in diesel oil. The National Agency of Petroleum, Natural Gas and
Biofuels (Agência Nacional do Petróleo, Gás Natural e Biocombustíveis—ANP) is the entity responsible
for this resolution and many others published in subsequent years, which have raised the levels of
biodiesel applied to fuels in Brazil. In 2018 the percentage allowed was changed to 10% (B10) [45] and
the Law N◦ 13.033 establishes that this number may increase up to the limit of 27.5% [46]. In addition
to the standardized minimum values, other percentages such as B20 (20%), B50 (50%) and B100 (100%)
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are also used in researches. In the international scenario, these percentages are not different, and, in
some countries, the percentages are even higher.

Figure 3 shows the growth of biodiesel production and some of the biggest producers: the
European Union (EU), the United States of America (USA), and Brazil. Biodiesel has the potential
to promote economic growth and ecological awareness, by replacing the use of fossil oil for
renewable fuels.
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OilWorld (2018) [47].

While the EU uses rapeseed to produce biodiesel, in the Americas soybeans are the preferred raw
material. The main biodiesel producers nowadays are the U.S.A., Brazil and Argentina. Southeast
Asia has achieved greater prominence in the biodiesel market. In Indonesia and Malaysia, which are
palm oil-producing countries, biodiesel production is growing continuously, controlled by structural
oversupply and price pressure in vegetable oil markets [48]. This review shows that researches
on biodiesel synthesis have increased, but a main concern is what can be said about its stability,
the microbiological contamination, and the consequences of the use of biocides in biodiesel on the
environment. This is the question that this paper intends to answer.

3. Materials and Methods

3.1. Eligibility Criteria

This work considered original peer-reviewed articles, published in English, about biocides used
as additives to biodiesel, with special attention to their toxicity for the environment and public health.
The results were organized in subtopics to better represent the subjects covered by this research,
considering the period between 2008 to 2018.

3.2. Data Items

A broad literature research was conducted in March 2018 using the PubMed/MEDLINE, Scielo,
LILACS/BVS, IEEE, ACM, ScienceDirect and Scopus databases. Additional searches using the
Cochrane Library, Web Portal of Articles from CAPES and cross-referencing with Web of Science
were used to broaden the initial search results. Table 1 describes the keywords applied for each
research database.
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Table 1. Strings used for searches in databases.

Research Base Strings

PubMed/MEDLINE biodiesel AND additive AND biocide AND toxicity
Scielo biodiesel AND additive AND biocide AND toxicity

LILACS/BVS biodiesel [Palavras] and additive [Palavras] and biocide [Palavras] and toxicity [Palavras]
IEEE biodiesel AND additive AND biocide AND toxicity
ACM biodiesel AND additive AND biocide AND toxicity

ScienceDirect biodiesel AND additive AND biocide AND toxicity
Cochrane Library biodiesel AND additive AND biocide AND toxicity
Periódicos CAPES biodiesel AND additive AND biocide AND toxicity

Web of Science TOPIC: (biodiesel) AND TOPIC: (additive) AND TOPIC: (biocide) AND TOPIC: (toxicity)
Scopus TITLE-ABS-KEY (biodiesel AND additive AND biocide AND toxicity)

3.3. Study Selection and Data Collection Process

Four reviewers (G.V.S.L., B.A.S.M., A.V.G. and L.M.B.) independently evaluated all relevant
articles extracted from the literature research. The full text of each article was obtained and further
screened for selection if it showed relevance to the predefined topics and/or subtopics. Five reviewers
(G.V.S.L., B.A.S.M., A.V.G., C.C.B., and L.M.B.) worked on organizing the results and the overall data
layout. All reviewers worked on writing the “Results” and “Discussion” sections. The research was
conducted according to the stages described in SLR Model [49].

3.4. Data Items

The following items were extracted from the studies: ‘Type of Study’, ‘Objective of work’, ‘Biocide
(s) cited at work’, ‘Type of study carried out with the biocide’, ‘Does this study provide data on the
toxicity of biocides in biodiesel?’ and ‘Work Result(s)’.

4. Results

Initial investigations using the keywords revealed 141 scientific papers. Table 2 summarizes the
findings, which shows a large amount of scientific works in the databases of IEEE, “Periódicos CAPES”,
and in ScienceDirect. No publications were found in the other databases. Once duplicates were
removed, 134 studies remained and matched the inclusion criteria. These studies comprise the selected
articles discussed in this review. The general workflow used to choose relevant research studies is
depicted in Figure 4. Table 3 includes the information for each selected research study, such as: authors,
objectives, biocides used, type of study, data about the toxicity and overall conclusions.

Table 2. Number of scientific papers found during searches in databases.

Research Base Number of Scientific Papers Found

PubMed/MEDLINE 0
Scielo 0

LILACS/BVS 0
IEEE 32
ACM 0

ScienceDirect 94
Cochrane Library 0
Periódicos CAPES 15

Web of Science 0
Scopus 0
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Table 3. Data obtained from selected scientific works from databases.

Ref.
Number Authors (year) Type of Study Objective of Work Biocide(s) Cited in the Work Type of Study Carried

out with the Biocide

Does this Study
Provide Data on the

Toxicity of Biocides in
Biodiesel?

Work Result(s)

[1] Poon et al.
(2011) Article

This study is on the effects of
5-chloro-2-methyl-4-isothiazolin-3-one

(CMIT).

5-Chloro-2-methyl-4-isothiazolin-3-one
(CMIT), 2-methyl-4-isothazolin-3-one

(MIT), methylene dithiocyanate
(MDC) and dimethyl

acetylenedicarboxylate (DMAD)

Studies about organic
biocides using freshly
isolated rat alveolar

macrophages (AM) and
NR8383 cell line.

Toxicity studies four
types of biocides.

The 50% inhibition concentration (LC50) for CMIT was
0.002–0.004 mM for both cellular functions. With the
AM testing system, the toxicity for the biocides were

CMIT = MDC > MIT > DMAD. The authors suggested
that CMIT added in biodiesel might provoke

respiratory impairment, and more studies using animal
subjects are warranted.

[9] Passman
(2013) Review

This work relates informations about
the factors involved in fuel to the fuel

system biodeterioration.

Diiodomethyl-p-tolylsulfone;
Ethylene glycol monomethyl ether

(EGME); Diethylene glycol
monomethyl ether (DiEGME);

Triethylene glycol monomethyl ether
(TriEGME-M); dioxaborinane blend;

Isothazolinone blend;
morpholine-dinitromorphiline blend;
3,3’-methylenebis(5-methyloxazolidine)

(MBO; 95–100% a.i.)

Studies about
remediation strategies

with biocide treatment.

The work provides
information on

antimicrobial studies,
among others.

One of the results is that the fuel treatment represents a
tiny fraction (<0.1%; Passman, 1995 [50]) of the total

industrial microbiocides market. Although the use of
fuel-treatment microbiocides is likely to increase, new

chemistries are unlikely to emerge.

[35] Zimmer (2014) Master Thesis

This work was made to select
antimicrobials to be used in the

control of microbial contamination of
diesel/biodiesel.

Oxazolidine, isothiazolone and
morpholine.

Studies on microbial
control and microbial

contamination.

The work only provides
data regarding

microorganisms.

It was found that an additive containing 50%
oxazolidine in its formulation was effective for the

preventive control of microbial contamination in B10
mixtures. In addition, testing containing isothiazolones

or morpholines may be a good option for corrective
treatments. The toxicity results show that both water,

which was in contact with the treated (with the
additive) and untreated, showed toxicity to the

organisms used. However, the water that was in contact
with the biocidal additive fuel showed high acute

toxicity for both test organisms studied.

[51] Pelletier et al.
(2014) Article

This study reported the health effects
of CMIT/MIT ingestion in rats to

give information about the potential
health risks that may arise from the

grow up in the use of biocides in
biodiesels or biodiesel blends.

2-Methyl-4-isothiazolin-3-one (MIT),
5-chloro-2-methyl-4-isothiazolin-3-one

(CMIT).

Randomized study in
male and female rats.

An oral dose study was
conducted to assess a
potential risk arising

from ingestion of
isothiazolinone biocides

in biodiesels.

Based on recommended levels of biocides for the
microbial treatment in fuels, CMIT/MIT contained in

this accidentally ingested biofuel is not expected to
express a significant health risk.
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Table 3. Cont.

Ref.
Number Authors (year) Type of Study Objective of Work Biocide(s) Cited in the Work Type of Study Carried

out with the Biocide

Does this Study
Provide Data on the

Toxicity of Biocides in
Biodiesel?

Work Result(s)

[52] Bautista et al.
(2016) Article

Compare and evaluate the efficiency
of several chemical and physical

treatments on the growth of
microorganisms found in real

samples of diesel fuel from different
storage tanks from petrol stations in

Spain

Isothiazolone; oxazolidine;
thiocyanate; thiocarbamate;
morpholine; oxaborinane.

Studies about organic
biocides.

Studies on remediation
strategies with biocide

treatment.

According to the results, water-soluble biocides
(especially B2 with oxazolidine group in the active

compound) showed higher performance in controlling
bacterial growth in the studied diesel fuel storage tanks.
However, the effectiveness of biocides very much relies
on biodiversity and physicochemical properties of the

medium. In order to control growth of microorganisms
in oil storage tanks, some preliminary studies, (on a
case-to-case basis) on the microbial population and

physicochemical characteristics inside tanks and in the
surrounding area where the tank is located (soil

composition, environmental conditions, climate, etc.)
must be performed.

[48]

Dodos;
Tsesmeli, and

Zannikos
(2017)

Article

This study aimed to investigate the
effect of phenolic type antioxidants

on the microbial stability of biodiesel
fuel, along with their relative

efficiency to improve the oxidation
and storage stability.

Ten commercially available phenolic
compounds, either of synthetic or

natural origin.

Studies about
antimicrobial properties.

The work only provides
data regarding

microorganisms.

Overall, the results demonstrate that certain phenolic
antioxidants primarily added to biodiesel in order to

improve oxidative stability could also provide a
satisfactory level of antimicrobial protection at the same

time. Although these substances do not necessarily
possess biocidal properties, they appear as

non-supportive to active biomass. This suggests that by
properly selecting a FAME antioxidant agent, the

microbial stability of bio-diesel can be upgraded up to a
point.

[53] Zimmer et al.
(2017) Article

The objective of this study was to
assess the effectiveness of an additive

multifunctional biocide to treat
microbial contamination under
simulated storage conditions.

3,3-methylenebis(5-methyloxazolidine)
(MBO)

The tests were managed
under two conditions: at
lab-scale and in the field
(real-world condition).

Experiments were
carried out in the

laboratory (lab-scale;
250 mL microcosms)

and in the field
(field-scale; 20 L tanks)

under real-world
conditions.

The lab-scale study showed that this product was able
to inhibit biomass formation in the range of 40% to 60%
during simulated fuel storage in the microcosms, at a
400 ppm concentration. In the field-scale study, the

multifunctional additive at a 1000 ppm concentration
showed a biocide action after 7 d in the tanks with low
microbial contamination and a biostatic action in the

tanks receiving microbial inoculum (high
contamination).
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5. Discussion

By conducting research on the Scopus database, using the keywords “biodiesel AND biocide”, it
was shown that the studies of these quantities are multidisciplinary (Figure 5). The graph below shows
that the concentrations areas of these researches and their respective publications are proportionally
more located in, for example, engineering, chemistry and agriculture—which is the sector focused on
the reduction of biodiesel toxicity, mainly with the use of biocides with fungal, bacterial and organic
material inhibitory functions.

Molecules 2018, 23, x FOR PEER REVIEW  11 of 17 

 

5. Discussion 

By conducting research on the Scopus database, using the keywords “biodiesel AND biocide”, 
it was shown that the studies of these quantities are multidisciplinary (Figure 5). The graph below 
shows that the concentrations areas of these researches and their respective publications are 
proportionally more located in, for example, engineering, chemistry and agriculture—which is the 
sector focused on the reduction of biodiesel toxicity, mainly with the use of biocides with fungal, 
bacterial and organic material inhibitory functions. 

 
Figure 5. Quantity of documents found by subject area in the period of 2008–2018, using “biodiesel 
AND biocide” string for research in database Scopus [28]. 

Looking at Figure 6 and Table 4, there is a larger amount of publications on “biodiesel AND 
biocide” (2008–2018 period) in countries such as Brazil, United States of America (USA), Canada, 
Germany, Italy, among others. In Table 4, there are 9 publications on “Biodiesel AND Biocide”. In 
general, all affiliations have around two references, which shows the low number of published works 
in the area. However, it is possible to see the interaction between countries that produce and/or 
consume this type of biofuel, to find solutions to its instability. Furthermore, it is possible to conclude 
that science needs to expand studies in this field, since this product has presented several benefits, such 
as low toxicity and the improvement of life quality and reduction of gas emission. Is this case, it was 
noted that in a small ranking of publications per country, Brazil takes the lead (Figure 6 and Table 4). 

Energy

Environmental 
Science

Chemical 
Engineering

Immunology 
and 

Microbiology

Medicine

Agricultural 
and Biological 

Sciences

Chemistry

Engineering

Materials 
Science

Business, 
Management 

and 
Accounting

Pharmacology, 
Toxicology and …

Biochemistry, Genetics and 
Molecular Biology

QUANTITY OF DOCUMENTS BY SUBJECT

Figure 5. Quantity of documents found by subject area in the period of 2008–2018, using “biodiesel
AND biocide” string for research in database Scopus [28].

Looking at Figure 6 and Table 4, there is a larger amount of publications on “biodiesel AND
biocide” (2008–2018 period) in countries such as Brazil, United States of America (USA), Canada,
Germany, Italy, among others. In Table 4, there are 9 publications on “Biodiesel AND Biocide”. In
general, all affiliations have around two references, which shows the low number of published works
in the area. However, it is possible to see the interaction between countries that produce and/or
consume this type of biofuel, to find solutions to its instability. Furthermore, it is possible to conclude
that science needs to expand studies in this field, since this product has presented several benefits,
such as low toxicity and the improvement of life quality and reduction of gas emission. Is this case,
it was noted that in a small ranking of publications per country, Brazil takes the lead (Figure 6 and
Table 4).
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Table 4. Quantity of documents published by affiliation in the period of 2008–2018, using “biodiesel
AND biocide” string for research in database Scopus [28].

University Publications References

Universidade Federal do Rio Grande do Sul 4 [18,53–55]
Instituto Nacional de Tecnologia do Rio de Janeiro 3 [53,54,56]

Ipiranga Produtos Petróleo 2 [18,53]
Wageningen University and Research Centre 2 [51,57]

Universidade Federal de Viçosa 2 [51,57]
Health Canada 2 [1,58]

Consiglio Nazionale Delle Ricerche 2 [20,21]
Universidade de Brasília 2 [20,21]

Istituto Motori 2 [20,21]

Studies involving experiments with humans have not been found. It must be added that the
two primary pillars of microbial contamination control are: prevention and remediation. Prevention
includes system design, water removal and good cradle-to-grave product stewardship.

In the case of the research that restricts the selection of the scientific works published on the
context of toxicity, Table 3 shows that the seven papers found were focused on the studies of substances
such as isothiazolinones, oxazolidines, thiocyanates, morpholines, oxaborinanes, thiocarbamates and
phenolic antioxidants, as it can be seen in Figure 7.
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The seven works showed microorganisms tests in biodiesel and biodiesel blends. Poon et al. [1]
related AM tests system on toxicity for the biocides. Their work reported that the order of greatest
toxicity would be to CMIT and MDC, decreasing to MIT, and showing DMAD as non-toxic. The
authors suggested further studies about 5-chloro-2-methyl-4-isothiazolin-3-one (CMIT), because when
it is added in biodiesel it might provoke respiratory complications. Pelletier et al. [58] studied
MIT/CMIT in rats, and on recommended levels for the microbial treatment in fuels, in this accidentally
ingested of these ones is not expected to express a significant health risk. Other authors who cited
the isothiazolinone biocide in their research were: Passman [9], Zimmer [6] and Bautista et al. [52],
indicating the considerable interest in this biocide for use in biodiesel and its mixtures.

Oxazolidines also appear rather frequently in the selected studies and are registered with
regulatory organizations to be used as a biocide in fuels. The authors who included information
regarding this type of biocide in their works are: Passman [9], Zimmer [6], Bautista et al. [52] and
Zimmer et al. [18]. For example, in Bautista et al.’s work [52], ten biocides were studied in samples
of diesel oil in fuel storage tanks. The authors observed that the best results were related to the
water-soluble biocides, notably those with an oxazolidine group. In addition, Zimmer et al. [18] studied
the effectiveness of a multifunctional additive containing a MBO biocide as 50% of its formulation
(AM-MBO50) for microbial control contamination under simulated storage conditions. The results
showed that the product is efficient for the microbiological control without affecting the properties
of the biodiesel. However, it should be considered that when comparing laboratory scale and field
tests, the results might suffer variations, with monitoring and possible adjustments thus being of
vital importance.

Toxicity studies in rats with only biodiesel samples, i.e., without additives, were performed by
Finch et al. [59,60]. In this study, the effects associated to the exposure were limited to the lung, and
showed modest adverse effects at the highest level of exposure, and none other than the expected
response of physiological macrophages to repeated particle exposure at the intermediate level. Also
without adding additives, the study by Brito et al. [61] evaluated the cardiovascular and inflammatory
toxicity of particles emitted from the combustion of diesel and biodiesel, evidencing greater biodiesel
toxicity than diesel because it promoted cardiovascular alterations and pulmonary and systemic
inflammation. Mehus et al. [62] investigated the human health effects of comparative acute health
associated with exposures to diesel and diesel-biodiesel fuel blend emissions (75–25%). The results
showed that the use of this diesel-biodiesel blend decreased the exposure to particulate diesel respirable
material and some acute effects associated with health, although lung and systemic inflammation
were not reduced in comparison with the use of diesel. The work of Imdadul et al. [63] provided
information on the impact of the following additives and its effects on performance and emission:
oxygenated, metal-based, cetane number improver, ignition promoter, lubricant and antioxidant. The
authors concluded that the characteristics of combustion and exhaust emissions have obtained better
results through the introduction of additives in diesel and biodiesel blends.

This review didn’t evaluate the use of biodiesel + biocides after emission from a diesel engine,
as described in Table 3. Nevertheless, if more searches in the databases are conducted, it might
be possible to find studies evaluating, for example, an additive package (antioxidant + pour-point
depressant + biocide) [21,64]. Luz et al. studied biocides belonging to the isothiazolinone (200 ppm)
group. The authors reported that the additive package’s addition did not increase greenhouse gases
and CO2 emissions; if anything, it helped minimize HC emissions in the environment, especially in
mixtures with 20% biodiesel in their composition. However, more detailed analyzes of the exhaust
gases from the engine were not performed. Overall, the findings regarding biocide studies in biodiesel,
including exhaust emission data, are still scarce, which indicates a scientific gap that might motivate
future research.
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6. Conclusions

Biodiesel is a great fuel alternative because it is obtained from renewable sources and is
economically profitable. However, biodiesel blends are susceptible to microbial contamination due to
their hygroscopic capacity and their methyl esterified fatty acids composition. The ease of oxidation
and biodeterioration of this biofuel has prompted research on the use of effective additives with low
toxicity, avoiding the decrease of the quality of the product, as well as complications in system and
engine performance, and corrosion of storage tanks and pipelines.

This review did not find any research between the years of 2008 to 2018, considering the inclusion
and exclusion criteria, that conducted direct experiments with humans. Out of the 141 potential works,
only seven which contained information on the use of biocides and microorganism tests in biodiesel
and biodiesel blends were selected. These studies focused on biocides, such as isothiazolinones,
oxazolidines, thiocyanates, morpholines, oxaborinanes, thiocarbamates and phenolic antioxidants.
The need for further studies in the field was also noted, and it can be solved mainly by applying
laboratory tests in large scale tests, in order to determine possible influences on the final results of
microbial control of the environment, and contribute to the topic of toxicity to the environment and
public health.

There are few publications showing the importance of controlling microbial contamination, which
began at the end of the 19th century, in view of the evident future prospect of growth in the use and
production of this biofuel in the world. The remediation tactics, such as biocide treatment, should
be driven by knowledge of the nature of the studied infected systems, regulatory constraints and
technical considerations. Thereby, in the search for new antimicrobial products for biodiesel, biocides
must offer many things, amongst them good broad-spectrum (bactericidal and fungicidal) activity and
environmental tests resulting in lower negative impacts.

Funding: This study was partially financed by the Coordenação de Aperfeiçoamento de Pessoal de Nível
Superior-Brasil (CAPES)-Finance Code 001.

Acknowledgments: We gratefully acknowledge the support of the University of Brasília-UnB/Campus
Gama-FGA and the Catholic University of Brasília-UCB.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Poon, R.; Rigden, M.; Edmonds, N.; Charman, N.; Lamy, S. Effects of 5-chloro-2-methyl-4-isothiazolin-3-one
and other candidate biodiesel biocides on rat alveolar macrophages and NR8383 cells. Arch. Toxicol. 2011, 85,
1419–1427. [CrossRef] [PubMed]

2. McCormick, R.L. The Impact of Biodiesel on Pollutant Emissions and Public Health. Inhal. Toxicol. 2007, 19,
1033–1039. [CrossRef] [PubMed]

3. Standards and Specifications for Residential and Commercial Water-Using Fixtures and Appliances; United States
Environmental Protection Agency National Efficiency: Washington, DC, USA, 2007.

4. Patel, A.; Mikes, F.; Matsakas, L. An overview of current pretreatment methods used to improve lipid
extraction from oleaginous microorganisms. Molecules 2018, 23. [CrossRef] [PubMed]

5. Suarez, P.A.Z.; Santos, A.L.F.; Rodrigues, J.P.; Alves, M.B. Biocombustíveis a partir de óleos e gorduras:
Desafios tecnológicos para viabilizá-los. Quim. Nova 2009, 32, 768–775. [CrossRef]

6. Zimmer, A.R. Monitoring and Control of Microbial Contamination during Storage of Mixtures Diesel/Biodiesel with
use of Biocide; Federal University of Rio Grande do Sul-Brazil: Porto Alegre, Brazil, 2014.

7. Soriano, A.U.; Martins, L.F.; Santos de Assumpção Ventura, E.; Teixeira Gerken de Landa, F.H.; de Araújo
Valoni, É.; Dutra Faria, F.R.; Ferreira, R.F.; Kremer Faller, M.C.; Valério, R.R.; Catharine de Assis Leite, D.; et al.
Microbiological aspects of biodiesel and biodiesel/diesel blends biodeterioration. Int. Biodeterior. Biodegrad.
2015, 99, 102–114. [CrossRef]

8. Sørensen, G.; Pedersen, D.V.; Nørgaard, A.K.; Sørensen, K.B.; Nygaard, S.D. Microbial growth studies in
biodiesel blends. Bioresour. Technol. 2011, 102, 5259–5264. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00204-011-0689-y
http://www.ncbi.nlm.nih.gov/pubmed/21445588
http://dx.doi.org/10.1080/08958370701533509
http://www.ncbi.nlm.nih.gov/pubmed/17917919
http://dx.doi.org/10.3390/molecules23071562
http://www.ncbi.nlm.nih.gov/pubmed/29958398
http://dx.doi.org/10.1590/S0100-40422009000300020
http://dx.doi.org/10.1016/j.ibiod.2014.11.014
http://dx.doi.org/10.1016/j.biortech.2011.02.017
http://www.ncbi.nlm.nih.gov/pubmed/21376581


Molecules 2018, 23, 2698 14 of 16

9. Passman, F.J.J. Microbial contamination and its control in fuels and fuel systems since 1980—A review. Int.
Biodeterior. Biodegrad. 2013, 81, 88–104. [CrossRef]

10. Passman, F.J. (Ed.) Fuel and Fuel System Microbiology: Fundamentals, Diagnosis, and Contamination Control;
ASTM Manual; ASTM International: West Conshohocken, PA, USA, 2003; ISBN 0-8031-3357-X.

11. Bento, F.M.; Gaylarde, C.C. Biodeterioration of stored diesel oil: Studies in Brazil. Int. Biodeterior. Biodegrad.
2001, 47, 107–112. [CrossRef]

12. Silva, G.V. Da Experimental Characterization of the Combined Effect of Additives on the Diesel-Biodiesel Blends
Performance; Faculdade de Tecnologia, Universidade de Brasília: Brasília, Brazil, 2013.

13. World Health Organization. The WHO Recommended Classification of Pesticides by Hazard and Guidelines to
Classification 2009; World Health Organization: Geneva, Switzerland, 2010; pp. 1–60. ISBN 978 92 4 154796 3.

14. Passman, F.J. Standard Guide for Microbial Contamination in Fuels and Fuel Systems; ASTM D6469-17; ASTM
International: West Conshohocken, PA, USA, 2017.

15. Protection of Environment. Part 152-Pesticide Registration and Classification Procedures; United States
Environmental Protection Agency (USEPA): Washington, DC, USA, 2018.

16. Concerning the Placing of Biocidal Products on the Market. In Regulation (EU) No. 528/2012 of the European
Parliament and of the Council of 22 May 2012; The European Parliament and the Council of the European
Union: Strasbourg, France, 2012.

17. Brasil Resolução ANP; Agência Nacional do Petróleo, Gás natural e Biocombustíveis (ANP): Brasília, Brazil,
2017.

18. Zimmer, A.R.; Oliboni, A.; Viscardi, S.L.C.; Teixeira, R.M.; Flores, M.; Bento, M.F. Biodiesel blend (B10)
treated with a multifunctional additive (biocide) under simulated stored conditions: A field and lab scale
monitoring. Biofuel Res. J. 2017, 14, 627–636. [CrossRef]

19. Bücker, F. Biodeterioration of Diesel and Biodiesel Blends and its Control with Biocide; Universidade Federal do
Rio Grande do Sul: Porto Alegre, Rio Grande do Sul, Brazil, 2009.

20. Luz, G.V.d.S.; Allocca, L.; Montanaro, A.; Veras, C.; Falla, M.d.P. Physical-chemical characteristics of
diesel-biodiesel blends with additives and their effects on the spray behavior. SAE Tech. Pap. Ser. 2013, 6, 12.
[CrossRef]

21. Luz, G.V.d.S.; Hidalgo, P.; Veras, C.G.; Merola, S.; Allocca, L.; Montanaro, A.; Marchitto, L. Studies of
Exhaust Emissions and Optical Diagnostic of Spray for Biodiesel Samples with Additives Package using a
Common-Rail System. SAE Int. Tech. Pap. 2013, 13, 12. [CrossRef]

22. Yemashova, N.A.; Murygina, V.P.; Zhukov, D.V.; Zakharyantz, A.A.; Gladchenko, M.A.; Appanna, V.;
Kalyuzhnyi, S.V. Biodeterioration of crude oil and oil derived products: A review. Rev. Environ. Sci. Bio/Techn.
2007, 6, 315–337. [CrossRef]

23. Schleicher, T.; Werkmeister, R.; Russ, W.; Meyer-Pittroff, R. Microbiological stability of
biodiesel–diesel-mixtures. Bioresour. Technol. 2009, 100, 724–730. [CrossRef] [PubMed]

24. Ramos, L.P.; Kothe, V.; César-Oliveira, M.A.F.; Muniz-Wypych, A.S.; Nakagaki, S.; Krieger, N.; Wypych, F.;
Cordeiro, C.S. Biodiesel: Raw materials, production technologies and fuel properties. Rev. Virtual Quim.
2017, 9, 317–369. [CrossRef]

25. Rinaldi, R.; Garcia, C.; Marciniuk, L.L.; Rossi, A.V.; Schuchardt, U. Synthesis of biodiesel: A contextualized
experiment proposal for the general chemistry laboratory. Quim. Nova 2007, 30, 1374–1380. [CrossRef]

26. Urioste, D.; Castro, M.B.A.; Biaggio, F.C.; De Castro, H.F. Synthesis of chromatographic standards and
establishment of a method for the quantification of the fatty ester composition of biodiesel from babassu oil.
Quim. Nova 2008, 31, 407–412. [CrossRef]

27. Murillo, G.; Sun, J.; Ali, S.S.; Yan, Y.; Bartocci, P.; He, Y. Evaluation of the kinematic viscosity in biodiesel
production with waste vegetable oil, ultrasonic irradiation and enzymatic catalysis: A comparative study in
two-reactors. Fuel 2018, 227, 448–456. [CrossRef]

28. Welcome to Scopus. Available online: https://www.scopus.com/ (accessed on 17 August 2016).
29. Kabbashi, N.A.; Mohammed, N.I.; Alam, M.Z.; Mirghani, M.E.S. Hydrolysis of Jatropha curcas oil for

biodiesel synthesis using immobilized Candida cylindracea lipase. J. Mol. Catal. B Enzym. 2015, 116, 95–100.
[CrossRef]

30. Sirajuddin, M.; Tariq, M.; Ali, S. Organotin(IV) carboxylates as an effective catalyst for the conversion of corn
oil into biodiesel. J. Organomet. Chem. 2015, 779, 30–38. [CrossRef]

http://dx.doi.org/10.1016/j.ibiod.2012.08.002
http://dx.doi.org/10.1016/S0964-8305(00)00112-8
http://dx.doi.org/10.18331/BRJ2017.4.2.7
http://dx.doi.org/10.4271/2013-24-0035
http://dx.doi.org/10.4271/2013-36-0319
http://dx.doi.org/10.1007/s11157-006-9118-8
http://dx.doi.org/10.1016/j.biortech.2008.07.029
http://www.ncbi.nlm.nih.gov/pubmed/18793842
http://dx.doi.org/10.21577/1984-6835.20170020
http://dx.doi.org/10.1590/S0100-40422007000500054
http://dx.doi.org/10.1590/S0100-40422008000200038
http://dx.doi.org/10.1016/j.fuel.2018.04.119
https://www.scopus.com/
http://dx.doi.org/10.1016/j.molcatb.2015.03.009
http://dx.doi.org/10.1016/j.jorganchem.2014.12.019


Molecules 2018, 23, 2698 15 of 16

31. Dhawane, S.H.; Kumar, T.; Halder, G. Recent advancement and prospective of heterogeneous carbonaceous
catalysts in chemical and enzymatic transformation of biodiesel. Energy Convers. Manag. 2018, 167, 176–202.
[CrossRef]

32. Mendonça, I.M.; Paes, O.A.R.L.; Maia, P.J.S.; Souza, M.P.; Almeida, R.A.; Silva, C.C.; Duvoisin, S.;
de Freitas, F.A. New heterogeneous catalyst for biodiesel production from waste tucumã peels (Astrocaryum
aculeatum Meyer): Parameters optimization study. Renew. Energy 2019, 130, 103–110. [CrossRef]

33. Ullah, Z.; Khan, A.S.; Muhammad, N.; Ullah, R.; Alqahtani, A.S.; Shah, S.N.; Ghanem, O.B.; Bustam, M.A.;
Man, Z. A review on ionic liquids as perspective catalysts in transesterification of different feedstock oil into
biodiesel. J. Mol. Liq. 2018, 266, 673–686. [CrossRef]

34. Liu, C.X.; Zhang, S.P.; Su, Z.G.; Wang, P. LiCl-induced improvement of multilayer nanofibrous lipase for
biodiesel synthesis. Bioresour. Technol. 2012, 103, 266–272. [CrossRef] [PubMed]

35. Ali, B.; Yusup, S.; Quitain, A.T.; Alnarabiji, M.S.; Kamil, R.N.M.; Kida, T. Synthesis of novel graphene
oxide/bentonite bi-functional heterogeneous catalyst for one-pot esterification and transesterification
reactions. Energy Convers. Manag. 2018, 171, 1801–1812. [CrossRef]

36. Sharma, Y.C.; Singh, B. Development of biodiesel: Current scenario. Renew. Sustain. Energy Rev. 2009, 13,
1646–1651. [CrossRef]

37. Tran, D.T.; Chen, C.L.; Chang, J.S. Effect of solvents and oil content on direct transesterification of wet
oil-bearing microalgal biomass of Chlorella vulgaris ESP-31 for biodiesel synthesis using immobilized lipase
as the biocatalyst. Bioresour. Technol. 2013, 135, 213–221. [CrossRef] [PubMed]

38. Mansir, N.; Teo, S.H.; Rabiu, I.; Taufiq-Yap, Y.H. Effective biodiesel synthesis from waste cooking oil and
biomass residue solid green catalyst. Chem. Eng. J. 2018, 347, 137–144. [CrossRef]

39. Gao, W.W.; Zhang, F.X.; Zhang, G.X.; Zhou, C.H. Key factors affecting the activity and stability of enzymes
in ionic liquids and novel applications in biocatalysis. Biochem. Eng. J. 2015, 99, 67–84. [CrossRef]

40. Guldhe, A.; Singh, P.; Ansari, F.A.; Singh, B.; Bux, F. Biodiesel synthesis from microalgal lipids using
tungstated zirconia as a heterogeneous acid catalyst and its comparison with homogeneous acid and enzyme
catalysts. Fuel 2017, 187, 180–188. [CrossRef]

41. Popp, J.; Harangi-Rákos, M.; Gabnai, Z.; Balogh, P.; Antal, G.; Bai, A. Biofuels and their co-products as
livestock feed: Global economic and environmental implications. Molecules 2016, 21, 285. [CrossRef]
[PubMed]

42. Drabik, D.; de Gorter, H.; Timilsina, G.R. The effect of biodiesel policies on world biodiesel and oilseed
prices. Energy Econ. 2014, 44, 80–88. [CrossRef]

43. Regulamento Sobre as Especificação do Biodiesel e as Obrigações Quanto ao Controle da Qualidade; Resolução ANP
N◦11.097/2005; Agência Nacional do Petróleo (ANP): Brasília, Brazil, 2005.

44. Dispõe Sobre a Adição Obrigatória de Biodiesel ao óleo Diesel Comercial Izado ao Consumidor Final, e dá Outras
Providências; Brasil Medida Provisória No. 647, de 28 de Maio de 2014; O Conselho Nacional de Pol í t ica
Energét ica (CNPE): Brasil, Brazil, 2014.

45. Para Dispor Sobre os Percentuais de Adição de Biodiesel ao Óleo Diesel Comercializado no Território
Nacional. Brasil Lei No. 13.263, de 23 de Março de 2016. Brasília-DF. Available online: http://www2.camara.
leg.br/legin/fed/lei/2016/lei-13263-23-marco-2016-782625-publicacaooriginal-149818-pl.html (accessed on
23 March 2016).

46. Brasil Lei No. 13.033, de 24 de setembro de 2014. Brasília-DF. 2014. Available online: www2.camara.leg.br/
legin/fed/lei/2014/lei-13033-24-setembro-2014-779372-norma-pl.html (accessed on 24 September 2014).

47. Mielke, T. Global price outlook for palm & lauric oils and impacts from the severe argentine drought losses.
In Price Outlook Conference (POC) 2018; ISTA Mielke GmbH, Ed.; OIL WORLD: Kuala Lumpur, Malasya,
2018; pp. 1–25.

48. Union zur Förderung von oel- und Proteinpflanzen E.V. UFOP Report on Global Market Supply 2017/2018;
UFOP: Berlin, Germany, 2018.

49. Booth, A.; Sutton, A.; Papaioannou, D. Systematic Approaches to a Successful Literature Review, 2nd ed.;
Steeele, M., Owen, A., Eds.; SAGE Publications Ltd.: Los Angeles, CA, USA, 2016; ISBN 9781473912458.

50. Passman, F.J. Specialty Biocides North America 1995; Kline & Company, Inc.: Little Falls, NJ, USA, 1995.
51. Leite, J.G.D.B.; Silva, J.V.; van Ittersum, M.K. Integrated assessment of biodiesel policies aimed at family

farms in Brazil. Agric. Syst. 2014, 131, 64–76. [CrossRef]

http://dx.doi.org/10.1016/j.enconman.2018.04.073
http://dx.doi.org/10.1016/j.renene.2018.06.059
http://dx.doi.org/10.1016/j.molliq.2018.06.024
http://dx.doi.org/10.1016/j.biortech.2011.09.089
http://www.ncbi.nlm.nih.gov/pubmed/22033374
http://dx.doi.org/10.1016/j.enconman.2018.06.082
http://dx.doi.org/10.1016/j.rser.2008.08.009
http://dx.doi.org/10.1016/j.biortech.2012.09.101
http://www.ncbi.nlm.nih.gov/pubmed/23131310
http://dx.doi.org/10.1016/j.cej.2018.04.034
http://dx.doi.org/10.1016/j.bej.2015.03.005
http://dx.doi.org/10.1016/j.fuel.2016.09.053
http://dx.doi.org/10.3390/molecules21030285
http://www.ncbi.nlm.nih.gov/pubmed/26938514
http://dx.doi.org/10.1016/j.eneco.2014.03.024
http://www2.camara.leg.br/legin/fed/lei/2016/lei-13263-23-marco-2016-782625-publicacaooriginal-149818-pl.html
http://www2.camara.leg.br/legin/fed/lei/2016/lei-13263-23-marco-2016-782625-publicacaooriginal-149818-pl.html
www2.camara.leg.br/legin/fed/lei/2014/lei-13033-24-setembro-2014-779372-norma-pl.html
www2.camara.leg.br/legin/fed/lei/2014/lei-13033-24-setembro-2014-779372-norma-pl.html
http://dx.doi.org/10.1016/j.agsy.2014.08.004


Molecules 2018, 23, 2698 16 of 16

52. Bautista, L.F.; Vargas, C.; González, N.; Molina, M.C.; Simarro, R.; Salmerón, A.; Murillo, Y. Assessment of
biocides and ultrasound treatment to avoid bacterial growth in diesel fuel. Fuel Process. Technol. 2016, 152,
56–63. [CrossRef]

53. Zimmer, A.; Cazarolli, J.; Teixeira, R.M.; Viscardi, S.L.C.; Cavalcanti, E.S.H.; Gerbase, A.E.; Ferrão, M.F.;
Piatnicki, C.M.S.; Bento, F.M. Monitoring of efficacy of antimicrobial products during 60 days storage
simulation of diesel (B0), biodiesel (B100) and blends (B7 and B10). Fuel 2013, 112, 153–162. [CrossRef]

54. Zimmer, A.R.; Cazarolli, J.; Bucker, F.; Teixeira, R.M.; Viscardi, S.L.C.; Cavalcanti, E.S.H.; Gerbase, A.E.;
Ferrão, M.F.; Piatnicki, C.M.S.; Bento, F.M. Monitoring of efficacy of biocides during storage simulation of
diesel (B0), biodiesel (B100) and blends (B7 and B10). In 12th International Conference on Stability, Handling
and Use of Liquid Fuels 2011; Universidade Federal Do Rio Grande Do Sul: Rio Grande do Sul, Brazil, 2011;
Volume 2, pp. 1642–1681.

55. Bücker, F.; Barbosa, C.S.; Quadros, P.D.; Bueno, M.K.; Fiori, P.; te Huang, C.; Frazzon, A.P.G.; Ferrão, M.F.;
de Oliveira Camargo, F.A.; Bento, F.M. Fuel biodegradation and molecular characterization of microbial
biofilms in stored diesel/biodiesel blend B10 and the effect of biocide. Int. Biodeterior. Biodegrad. 2014, 95.
[CrossRef]

56. Cazarolli, J.C.; Guzatto, R.; Samios, D.; Peralba, M.D.C.R.; de Siqueira Cavalcanti, E.H.; Bento, F.M.
Susceptibility of linseed, soybean, and olive biodiesel to growth of the deteriogenic fungus Pseudallescheria
boydii. Int. Biodeterior. Biodegrad. 2014, 95, 364–372. [CrossRef]

57. Dal Belo Leite, J.G.; Justino, F.B.; Silva, J.V.; Florin, M.J.; van Ittersum, M.K. Socioeconomic and environmental
assessment of biodiesel crops on family farming systems in Brazil. Agric. Syst. 2015, 133, 22–34. [CrossRef]

58. Pelletier, G.; Valli, V.E.; Rigden, M.; Poon, R. Effects of a 28-day oral exposure to a
5-chloro-2-methyl-4-isothiazolin-3-one and 2-methyl-4-isothiazolin-3-one biocide formulation in
Sprague-Dawley rats. Drug Chem. Toxicol. 2014, 37, 149–155. [CrossRef] [PubMed]

59. Finch, G.L.; Hobbs, C.H.; Blair, L.F.; Barr, E.B.; Hahn, F.F.; Jaramillo, R.J.; Kubatko, J.E.; March, T.H.;
White, R.K.; Krone, J.R.; et al. Effects of Subchronic Inhalation Exposure of Rats to Emissions from a Diesel
Engine Burning Soybean Oil-Derived Biodiesel Fuel. Inhal. Toxicol. 2002, 14, 1017–1048. [CrossRef] [PubMed]

60. Swanson, K.J.; Madden, M.C.; Ghio, A.J. Biodiesel exhaust: The need for health effects research. Environ.
Health Perspect. 2007, 115, 496–499. [CrossRef] [PubMed]

61. Brito, J.M.; Belotti, L.; Toledo, A.C.; Antonangelo, L.; Silva, F.S.; Alvim, D.S.; Andre, P.A.; Saldiva, P.H.N.;
Rivero, D.H.R.F. Acute cardiovascular and inflammatory toxicity induced by inhalation of diesel and
biodiesel exhaust particles. Toxicol. Sci. 2010, 116, 67–78. [CrossRef] [PubMed]

62. Mehus, A.A.; Reed, R.J.; Lee, V.S.T.; Littau, S.R.; Hu, C.; Lutz, E.A.; Burgess, J.L. Comparison of Acute Health
Effects from Exposures to Diesel and Biodiesel Fuel Emissions. J. Occup. Environ. Med. 2015, 57, 705–712.
[CrossRef] [PubMed]

63. Imdadul, H.K.; Masjuki, H.H.; Kalam, M.A.; Zulkifli, N.W.M.; Rashed, M.M.; Rashedul, H.K.; Monirul, I.M.;
Mosarof, M.H. A comprehensive review on the assessment of fuel additive effects on combustion behavior
in CI engine fuelled with diesel biodiesel blends. RSC Adv. 2015, 5, 67541–67567. [CrossRef]

64. Shahir, V.K.; Jawahar, C.P.; Suresh, P.R. Comparative study of diesel and biodiesel on CI engine with emphasis
to emissions—A review. Renew. Sustain. Energy Rev. 2015, 45, 686–697. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.fuproc.2016.06.002
http://dx.doi.org/10.1016/j.fuel.2013.04.062
http://dx.doi.org/10.1016/j.ibiod.2014.05.030
http://dx.doi.org/10.1016/j.ibiod.2013.09.025
http://dx.doi.org/10.1016/j.agsy.2014.10.005
http://dx.doi.org/10.3109/01480545.2013.834353
http://www.ncbi.nlm.nih.gov/pubmed/24111717
http://dx.doi.org/10.1080/08958370290084764
http://www.ncbi.nlm.nih.gov/pubmed/12396409
http://dx.doi.org/10.1289/ehp.9631
http://www.ncbi.nlm.nih.gov/pubmed/17450214
http://dx.doi.org/10.1093/toxsci/kfq107
http://www.ncbi.nlm.nih.gov/pubmed/20385657
http://dx.doi.org/10.1097/JOM.0000000000000473
http://www.ncbi.nlm.nih.gov/pubmed/26147538
http://dx.doi.org/10.1039/C5RA09563H
http://dx.doi.org/10.1016/j.rser.2015.02.042
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	World Biodiesel Production 
	Materials and Methods 
	Eligibility Criteria 
	Data Items 
	Study Selection and Data Collection Process 
	Data Items 

	Results 
	Discussion 
	Conclusions 
	References

