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Resumo 

A contaminação ambiental causada por compostos orgânicos é um importante problema 

que afeta solos e água superficiais. Para reduzir ou remover esses poluentes, os locais 

contaminados são geralmente tratados com métodos físicos e químicos. No entanto, a 

maioria dessas técnicas de remediação é custosa e geralmente leva à remoção incompleta 

e à produção de resíduos secundários. A nanotecnologia consiste na produção e aplicação 

de estruturas extremamente pequenas, cujas dimensões estão na faixa de 1 a 100 nm, neste 

cenário a nanopartícula de ferro zero valente representa uma nova geração de tecnologias 

de remediação ambiental. É não tóxica, abundante, barata, fácil de produzir, e seu 

processo de produção é simples. No entanto, a fim de diminuir a tendência de agregação, 

a nanopartícula de ferro zero é frequentemente revestida com surfactantes. A maioria dos 

surfactantes é quimicamente sintetizado a partir de fontes petroquímicas, eles são 

persistentes ou parcialmente biodegradáveis, enquanto oferecem baixos riscos à saúde 

humana, esses compostos podem prejudicar plantas e animais. Para diminuir o uso de 

métodos químicos, a síntese e estabilização verde de nanomateriais metálicos 

apresentam-se como uma opção menos perigosa ao meio ambiente. Os biossurfactantes 

podem potencialmente substituir qualquer surfactante sintético, eles são compostos 

extracelulares produzidos por microrganismos, como bactérias, e cultivados em 

diferentes fontes de carbono, podendo ser substratoshidrofílicos. Os biossurfactantes 

possuem uma grande variedade de estruturas químicas e propriedadesde superfície e entre 

eles estão os ramnolipídios que já foram intensamente investigados e estudados. Os 

ramnolipídios podem ser produzidos pela Pseudomonas aeruginosa em diferentes 

substratos, incluindo o glicerol. Uma produção bem-sucedida de biossurfactantes 

depende do uso de materiais renováveis e de baixo custo. O glicerol bruto, principal 

subproduto do processo de transesterificação em uma usina de biodiesel, é um substrato 

amplamente utilizado para a produção de ramnolipídios. A fim de obter a melhor 

temperatura e concentração inicial de glicerol, o design rotacional composto central e o 

método de superfície de resposta foram empregados para delimitar as melhores condições 

para aumentar a produção de ramnolipídeos e diminuir o glicerol remanescente no meio. 

Com o auxílio do Método de Superfície e Resposta foi possível verificar a viabilidade do 

uso do glicerol bruto livre de sal, atingindo uma produção de 2,63 g/L de ramnolipidios 

e depleção total da fonte de carbono, no meio otimizado contendo 25 g/L de fonte inicial 

de carbono a 32 ° C. Em seguida, as nanopartículas de ferro zero foram sintetizadas 

utilizando a redução química com borohidreto de sódio. Foram testadas duas 

metodologias: (i) adição de ramnolipídios durante a síntese química e (ii) adição após a 

síntese. As nanopartículas foram subsequentemente testadas quanto à eficiência na 

redução de nitrato em água subterrânea simulada sob condições anaeróbias em pH 4. A 

nanopartícula de ferro zero sintetizada adicionando ramnolipídios após a síntese, mostrou 

a melhor eficiência com uma taxa de remoção de cerca de 78% de remoção de nitrato e 

concentração inicial de nitrato de 25. mg/L. O método para preparar nanopartícula de 

ferro zero, usando ramnolipídios como agente estabilizador, mostrou-se uma alternativa 

promissora para a funcionalização de superfície da nanopartícula, em substituição a 

surfactantes sintéticos e tóxicos 

 

Palavras chave: Biossurfactantes. Química verde. Design experimental. Glicerol. 

Nanopartícula de ferro zero valente. Águas subterrâneas.  

 

  



 

Abstract 

Environmental contamination caused by organic compounds is the most important 

challenge that affects a huge number of soils and water surfaces. To reduce or remove 

these pollutants, contaminated sites are usually treated using physical and chemical 

methods. However, most of these remediation techniques are expensive and commonly 

lead to incomplete removal and to the production of secondary wastes. Nanotechnology 

is the production and application of extremely small structures, whose dimensions are in 

the range of 1 to 100 nm and Nanoscale zero-valent iron represents a new generation of 

environmental remediation technologies, is non-toxic, abundant, cheap, easy to produce, 

and its reduction process requires little maintenance. Nonetheless, in order to diminish 

the tendency of aggregation, nanoscale zero-valent iron is often coated with surfactants. 

Most surfactants are chemically synthesized from petrochemical sources, they are slowly 

or partially biodegradable, while offer low harm to humans, such compounds can 

influence plants and animals. To decrease the use of chemical methods green synthesis 

and stabilization of metallic nanomaterials viable option. Biosurfactants can potentially 

replace virtually any synthetic they are extracellular compounds produced by microbes 

such as by bacteria and grown on different carbon sources containing 

hydrophobic/hydrophilic substrates. The biosurfactants have a wide variety of chemical 

structures and surface properties and among them is the rhamnolipids which have been 

intensively investigated and extensively reviewed, they can be produced by Pseudomonas 

aeruginosa from different substrates, including glycerol. Successful production of 

biosurfactants depends on the use of renewable materials and low cost. Crude glycerol is 

the primary byproduct of the transesterification process in a biodiesel plant and it is a 

widely used substrate for rhamnolipid production. To provide the best temperature and 

initial concentration of glycerol the central composite rotational design and response 

surface method were employed to increase rhamnolipids yield and lower the glycerol 

remaining in the medium. The response surface method methodology indicated the 

viability of the use of crude glycerol, reaching a production of 2.63 g/L of biosurfactant 

and total depletion of carbon source, at the optimized medium containing 25 g/L of initial 

carbon source at 32 °C. Then, the iron nanoparticles were synthesized using the chemical 

reduction of ferric ions with sodium borohydride. Were tested two methodologies: (i) 

adding rhamnolipids during the chemical synthesis and (ii) adding after the synthesis. The 

nanoparticles were subsequently tested for their efficiency in nitrate reduction in 

simulated groundwater under anaerobic conditions at pH 4. The nanoscale zero-valent 

iron synthetized adding rhamnolipids after the synthesis showed the best efficiency with 

a removal rate about 78% and initial nitrate concentration of 25 mg/L. The method for 

preparing nanoscale zero-valent iron using rhamnolipids biosurfactants as stabilizer was 

found as a promising alternative for the synthesis and surface functionalization of iron 

nanoparticles, in replacement to toxic synthetic surfactants 

 

Key words: Biosurfactants. Green chemistry. Experimental design. Glycerol. Nanoscale 

zero-valent iron. Groundwater. 
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1. Introduction 

Nanotechnology is the production and application of extremely small structures, 

at the level of atoms, molecules, and supramolecular structures, whose dimensions are in 

the range of 1 to 100 nm (ISO, 2009; NSET, 2003). Is an innovative alternative that can 

be used for the remediation of contaminated sites, it has the potential to significantly 

affect environmental protection, because it has the property to remove the finest 

contaminants from water supplies and air and mitigate pollutants in the environment 

(NSET, 2003). Environmental pollution by organic contaminants is a major problem 

today. Recently, there have been many reports of soil and surface water locations 

contaminated with organic pollutants (CETESB, 2016; EPA, 2002; EUROPEAN 

COMMISSION DG; ALERT; SERVICE, 2013), with a great impact on soil and 

groundwater. 

Nanoscale zero-valent iron (nZVI) represents a new generation of environmental 

remediation technologies, because nZVI is non-toxic, abundant, cheap, easy to produce, 

and its reduction process requires little maintenance (FU; DIONYSIOU; LIU, 2014). To 

reduce problems with aggregation, nZVI is often coated with surfactants (CRANE; 

SCOTT, 2012; NSET, 2003). Surfactants play major roles improving the particle mobility 

(DUTRA, 2015) and lowering the interfacial tension, they also prevent coalescence of 

newly formed drops (MORSY, 2014).  

Most of the commercially available surfactants are chemically synthetized , produced 

based on petrochemical sources (BANAT; MAKKAR; CAMEOTRA, 2000; GAUTAM; 

TYAGI, 2006; VAN BOGAERT et al., 2007). Furthermore, some of the surfactants are 

only slowly or partially biodegradable (KUMAR, 2019) contributing to environmental 

impact (HAUSMANN; SYLDATK, 2015). Thus, the rapid advances in biotechnology 

and increased environmental awareness, the chemically surfactants have increasingly 

been replaced by biologically synthetized surfactants (BANAT; MAKKAR; 

CAMEOTRA, 2000; GAUTAM; TYAGI, 2006). Surfactants present low toxicity to 

humans but can affect plants and animals, i.e. ethoxylated alcohols, found in laundry 

detergents are toxic to fish (MULLIGAN; YONG; GIBBS, 2001a). 

Biosurfactants are an alternative,  they can potentially replace  the  synthetic 

surfactant (REIS et al., 2013; SÁENZ-MARTA et al., 2015). Biosurfactants can be 

applied in bioremediation field, to clean the contaminated soil and water (THAVASI, 

2011), they present advantages in microbial enhance oil recovery (MEOR) , when 
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compared to the synthetic surfactants (BANAT et al., 2010). They have low toxicity and 

high biodegradability and biocompatibility, additionally, present functionality under 

extreme conditions of temperature, pH, salinity; with possibility of production from 

renewable sources (BANAT et al., 2010; COOPER, 1986; DESAI; BANAT, 1997a) and 

the in situ application (WANG et al., 2016) 

Pseudomonas aeruginosa has the ability to synthesize a glycolipid-type 

biosurfactant, rhamnolipids this was first reported in 1949 by Jarvis et al., appud 

(MAIER; SOBERÓN-CHÁVEZ, 2000). It can produce rhamnolipids from substrates 

including C11 and C12 alkanes, succinate, pyruvate, citrate, fructose, glycerol, olive oil, 

glucose and mannitol (ROBERT et al., 1989). They have been intensively investigated 

and extensively reviewed (MAIER; SOBERÓN-CHÁVEZ, 2000; NITSCHKE; COSTA; 

CONTIERO, 2005; OCHSNER; HEMBACH; FIECHTER, 1996). The application of 

biosurfactants in the bioremediation has become one of the methods used in the 

remediation of contaminated sites. They can be used to clean the contaminated soil and 

water (THAVASI, 2011). The use of a raw material of agro-based wastes, low-cost 

renewable substrates and the new research about rhamnolipids applications on 

biodegradation and toxicity are worth further investigation and may make biosurfactants 

a versatile sustainable molecule. The industrial conversion of renewable resources into 

useful compounds has been receiving much attention; the use of crude glycerol is 

becoming very important from the environmental point of view (MORITA et al.; 2007; 

EASTERLING et al., 2009). It is a widely used substrate for rhamnolipid production 

(SYLDATK et al. 1985) since a wide variety of microorganisms, as Pseudomonas 

aeruginosa, can utilize glycerol as a source of carbon and it is often formed as an 

intermediate in both the aerobic and anaerobic catabolism of lipids and glucose. 

(JOHNSON, TACONI, 2007; HAUSMANN; SYLDATK, 2015).  

The hypothesis of this work lies in the fact that the rhamnolipids produced by 

Pseudomonas aeruginosa strain, using glycerol as a substrate may significantly increase 

the stabilization of nanoparticles of zero valent iron. It can become a novel application 

for biosurfactants allied to a consequently reduction on the costs of the process due to the 

use of a renewable substrate.  
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1.1. Nanotechnology  

The first use of nanotechnology was recorded near 600 BC  in wootz steel 

manufacturing (WARD, 2008). The modern concept is presented in a lecture from 

physicist Richard Feynman in 1959 (GRIBBIN; GRIBBIN, 1997) who described a 

process in which the ability to manipulate individual atoms and molecules might be 

developed. Using one set of precise tools to build and operate another proportionally 

smaller set, and so on until reaching to the needed scale. 

1.1.1. Nanotechnology Aplications 

Nanotechnology applied in biotechnology is used for biomedicine imaging and 

diagnostics, targeted drug delivery, nano-enabled therapies, and tissue engineering 

(GUPTA, 2011). Nanotechnology has been provided the foundations of drug targeting 

strategies.  The targeted drug delivery is superior to traditional with respect to controlled 

release. (DEVADASU; BHARDWAJ; KUMAR, 2013; KUMARI; YADAV; YADAV, 

2010). 

Agricultural nanotechnology can be used in plant–pathogen interactions providing 

new ways for crops protection. Provides an efficient management and formulations of 

potential insecticides and pesticides, decreasing the levels of active hazardous ingredients 

used in agrochemical products and applications (SRILATH, 2011). It would be useful for 

the development of new insect resistant varieties (RAI; INGLE, 2012).  

In the food sector there are a few promising applications, including nanopackaging 

materials that possess gas barriers and antimicrobial properties, and nanosensors which 

can detect microorganisms or chemical contaminants at low levels. (DUNCAN, 2011; 

RASHIDI; KHOSRAVI-DARANI, 2011). Also nanotechnology may develop devices for 

identification of nutrients deficiencies (RASHIDI; KHOSRAVI-DARANI, 2011). 

In civil construction the nanotechnology has focused on the structure of cement-

based materials. Concrete can be nanoengineered by the incorporation of nanoparticles 

and nanotubes in building blocks to control material behavior and add novel properties, 

which can be adjusted to promote specific interfacial interactions (SANCHEZ; 

SOBOLEV, 2010). The compressive and flexural strength of the cement mortars 

nanoparticles was even higher than the strength of mortars with silica fume (LI et al., 

2004; SOBOLEV; GUTIÉRREZ, 2005). Nanoparticles can act as nanoreinforcement for 
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cement phases, densifying the microstructure and the interfacial transition zone leading 

to a reduced porosity (SANCHEZ; SOBOLEV, 2010). 

Nanotechnology contributes with environmental protection, providing rapid or 

cost-effective clean-up on water and air as well, detecting, preventing and removing 

environmental contaminants (EPA, 2007; NNI, 2016; NSET, 2003). Development of 

nanotechnology has led to the design of cleaner industrial processes and the creation new 

environmentally responsible products (EPA, 2007; NSET, 2003). Due to their exceptional 

size, different physical and chemical properties, these nanoparticles are enabled to be 

utilized for innovative purposes, including the potential use in remediation (BARDOS et 

al., 2014; COMMISSION, 2007). 

1.1.2. Types and Applications of Nanoparticles: 

Metallic nanoparticles exhibit size and shape-dependent properties that are of 

interest for applications, below there are some of the nanoparticles avaiable: 

Gold nanoparticles (AuNPs) 

They have advantages over other metal nanoparticles due to their 

biocompatibility, non-cytotoxicity (TOMAR; GARG, 2013). Their unique properties for 

imaging and therapeutic applications are used not only functionalities for specific drug 

delivery and cellular in bio sensing drugs but also in drug, gene and protein uptake. 

Doxorubicin, an anticancer drug can conjugate delivery (DAS et al., 2011; NIKAM A.P., 

MUKESH P., R., 2014).  

Silver nanoparticles (AgNPs) 

They  have proved to be most effective because of its good antimicrobial efficacy 

against bacteria, viruses and other eukaryotic microorganisms (TRAN; NGUYEN; LE, 

2013) food storage, textile by incorporating it into the fiber and a number of 

environmental applications (ABOU EL-NOUR et al., 2010; TRAN; NGUYEN; LE, 

2013). Despite of decades of use, the evidence of toxicity of silver is still not clear (ABOU 

EL-NOUR et al., 2010). 

Zinc Oxide Nanoparticle (ZnONPs)  

It is used in  vast area of applications, such as ultraviolet (UV) lasers, light-

emitting diodes, photoelectrodes for the fabrication of dye-sensitized solar cells (DSSCs), 

antibacterial activity when with activated carbons (UMAR, 2009; VASEEM; UMAR; 

HAHN, 2010; YAMAMOTO; SAWAI; SASAMOTO, 2002). 
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Iron oxide nanoparticles (Fe3O4) 

They have reached a wide range of applications in nanotechnology, especially in 

the medical field, since it is chemical stability under physiological conditions and presents 

low toxicity (FILIPPOUSI et al., 2014), being characterized as an appropriate material 

for use as a magnetic resonance (MR) contrast medium, as drug delivery in specific places 

in the body, etc (BERGAMINI et al., 2010).  

1.1.3. Physicochemical of nanotechnology applied to the stabilization process 

One of the major classes of materials of strategic interest is magnetic materials, 

owing to the different physical phenomena that are found they have become increasingly 

relevant to technological development (VALENTIM, 2014). The magnetic properties of 

nanometric particles show great differences when compared to bulky materials, they are 

strongly dependent on their size (RODUNER, 2006; SOUZA JUNIOR, 2012).  

These new characteristics come mainly from the small number of atoms per 

particle, when the particle size is reduced, the surface-volume relation becomes larger 

and the magnetic characteristics are strongly affected due to the influence of the thermal 

energy on the ordering of the magnetic moment, originating the phenomenon of 

superparamagnetism (RODUNER, 2006; SOARES JÚNIOR, 2012; SOUZA JUNIOR, 

2012).   

1.1.3.1. Superparamagnectic Nanoparticles 

The properties of the superparamagnetic nanoparticles are linked to their size. 

Thus, the control of the size and shape of the particles is important for the type of 

application. The more uniform and close the spherical shape, the greater its efficiency 

(COSTA, 2013). By decreasing the size of these materials to a certain critical volume − 

under the critical diameter (Dc)− the energy cost of creating magnetic multidomains is 

greater than sustaining a single magnetic domain, or monodomain state (FERREIRA, 

2009; SOUZA JUNIOR, 2012; VALENTIM, 2014). When this occurs, each nanoparticle 

acts as a magnetic monodomain, they can present superparamagnetism (BINI, 2016; 

COSTA, 2013).  

In the Superparamagnetism the magnetic moments are randomly oriented with no 

net or global macroscopic magnetization, but the application of an external magnetic field 

causes the dipoles to align in the direction of the field. As a consequence, the field of 



18 

 

induction is added to the applied field making these materials positive magnetic 

susceptibility values, small and dependent on temperature (EARNSHAW, 1968). 

1.2. Nanoscale Zero-Valent Iron (nZVI) 

The nZVI is composed of a core, which consists primarily of zero-valent iron 

while the mixed valent oxide shell is formed as a result of oxidation of the metallic iron 

(CRANE; SCOTT, 2014; LI; ELLIOTT; ZHANG, 2006). It has been found more reactive 

than conventional iron powder because of the large surface areas and high surface 

reactivity (E0 = - 0.44 V) (WEI-XIAN ZHANG, 2003; ZHAO et al., 2016). This reactivity 

value shows that the Fe0 is a strong reducing agent when compared to hydrogen, 

carbonates, sulphates, nitrates, oxygen and many organic compounds, and it can adsorb 

contaminants (CRANE et al., 2011; WEI et al., 2012) and for this, they have been widely 

investigated on the environmental remediation field (WEI-XIAN ZHANG, 2003; ZHAO 

et al., 2016).  

1.3. Synthesis of non-stabilized nZVI particles 

The synthesis of nanoparticles can be made using two different strategies: the top-

down and bottom-up approaches (YAN et al., 2013; ZHAO et al., 2016) (Figure 1.1).  

1.3.1. Top-down approaches 

In the first method the nanoparticles start with a large size and the desired size is 

achieved by ball-milling commercial iron powder (LI; ELLIOTT; ZHANG, 2006). Li et 

al., (2009) have produced nZVI equivalent to a sphere with diameter of 20 nm, using no 

hazardous materials and producing no wastes in the synthesis process. 
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Figure 1.1 Illustration of the top-down and bottom-up approaches 

 

Source: SANCHEZ; SOBOLEV, 2010 

1.3.2. Bottom-up approaches 

1.3.2.1. Chemical Reduction 

In the other hand, with the second approach the nZVI quantity is achieved using 

simple chemical reagents and minimal specialist equipment. The borohydride reduction 

of ferrous salts or ferric ions in aqueous solution under inert conditions per reactions is 

the most widely studied method (WANG; ZHANG, 1997; ZHAO et al., 2016). 

 

Fe(H2O)6
3++3BH‒

4
 +3H2O→ Fe0(s) + 3B(OH)3+10,5H2(g) (1.1) 

2Fe2+ + BH- + 4H2O→2Fe0(s) +B(OH) ‒
4

 + 4H+ 2H2(g) (1.2) 

 

1.3.2.2. Carbothermal reduction 

The carbothermal reduction of ferrous iron has been investigated as a potential 

method for the manufacture of cheap and functional nZVI using thermal energy and 
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gaseous reducing agents − H2, CO2, CO, etc (Crane & Scott, 2012). The reducing gases 

applied are CO2 or CO produced during the thermal composition of carbon based material 

e.g. ultra-fine graphite powder (UG), hollow carbon nanoparticles (CNs) and carbon 

black (CB), using α-Fe2O3 nanoparticles (BYSTRZEJEWSKI, 2011) or aqueous 

solutions of iron(II) or iron(III) salts (HOCH et al., 2008). Nurmi et al., (2005) have also 

synthesized nZVI by reduction of goethite and hematite particles with H2 at high 

temperatures (200- 600 °C).  Such reactions can proceed according to the following 

equations (1.3-1.6) (HOCH et al., 2008). 

 

Fe2(C2O4)3 ∙6H2O →2Fe + 6CO2 + 6H2O (1.3) 

2Fe(C6H5O7) ∙3H2O + C → 2Fe + 2C3H6O + 6CO2 + CO + 5H2O (1.4) 

Fe(C2H3O2)2 + C → Fe + 2CH2CO + CO + H2O (1.5) 

Fe3O4 + 2C → 3Fe + 2CO2 (1.6) 

 

1.3.2.3. Electrochemical method 

Another technique  to produce nZVI where iron sequesters  solutions ions , the 

product is gradually deposited on the cathode, but they often display a strong tendency 

towards aggregation and the formation of clusters (CRANE; SCOTT, 2012; 

STEFANIUK; OLESZCZUK; OK, 2016). Chen et al., (2004) have used this method with 

ultrasonic method and Wang et al., (2008) have used combined ion-exchange with film 

nafion coated on the electrode, both methods intent to disperse the nanoparticles and 

avoid agglomeration. The iron particle is plated on the cathode by putting ferric chloride 

in the solution to reduce the ferric ion to iron particle according to the following equation.  

Cathode: Fe3+ + 3e- + stabilizer → Fenanoparticle 

1.3.2.4. Pulsed Plasma: 

A method in which iron nanoparticles are formed from a pulse plasma is easily 

controlled, yield a product is cheap and environmental safe (CHOU; PHILLIPS, 1992; 

KELGENBAEVA et al., 2014; YU-TAO et al., 2010). Kelgenbaeva et al. (2014) 

synthesized pure Fe nanoparticles with ≤10 nm size using pulsed plasma in liquid, using 

water–toluene interface as a medium. Yu-tao et al. (2010), presented a method based on 
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the dissociation of ferrocene using a cold argon plasma jet, the size of iron nanoparticles 

is about 10–30 nm for the gas phase, and 30–100 nm for the liquid phase. 

1.3.2.5. Sonochemical Method 

Ultrasonic wave is the frequency of sound beyond the range of human hearing, 

above this more acoustic energy can be conveyed by the sound waves. The ultrasound 

waves radiate making millions of bubbles, once they reach a critical size and can no 

longer adsorb wave sound energy to sustain it, the surrounding liquid rushes in and the 

cavity violently implodes, generating microjets and shockwaves that lead to pressures 

reaching various atmospheres. This energy is transferred to the reaction through the 

solution generating heat and pressure, its known as acoustic cavitation and can accelerate 

the rate of chemical reactions (GATES; MAYERS; GROSSMAN, 2002; HUBER, 2005; 

ROOZBEH; REZA; ANVARIPOUR, 2013; TAVAKOLI; SALAVATI-NIASARI; 

MOHANDES, 2013). Suslick et al. (1996) introduced the sonochemical methodology, 

sonicating iron carbonyl in the presence of a polyvinylpyrolidone producing 

superparamagnetic iron nanoparticles in the range of 3 to 8 nm. Koltypin et al. (2004) 

prepared an airstable iron, which was exposed for two months and have not changed, 

using sonochemical method in the presence of edible vegetable oils. Roozbeh et al. 

(2013), have produced nZVI particles, their morphology changed from spherical to plate 

and needle type, increasing the surface area and consequently they activity. Taha et al. 

(2014), produced nZVI with ultrasound method, the particles were dispersed 

homogenously in the solution at higher speed, and rapid coalition had increased their 

chemical reactivity hence more Fe2+ was produced. 

1.3.2.6. Biosynthesis of nZVI 

Living organisms including bacteria, fungi, actinomycetes and yeast have huge 

potential of producing intracellularly or extracellularly nanoparticles for wide 

applications. Many have been found to be capable synthesizing nanoparticles. By using 

the organisms in the reaction mixture, the production of nanoparticles with desired shape 

and size can be obtained (MOHANPURIA; RANA; YADAV, 2008; ZHANG et al., 

2011).  

Njagi et al. (2011) synthesized nZVI using a green biosynthetic method employing 

aqueous sorghum extracts, were obtained amorphous iron nanoparticles with an average 
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diameter of 50 nm, they were tested against bromothymol blue, the results indicate that 

higher iron concentrations accelerated its degradation. Soliemanzadeh et al. (2016) 

reports the biosynthesis of nanoscale zero-valent iron (nZVI) using the extracts of Shirazi 

thyme leaf and pistachio green hulls, the results suggested that the synthesised nZVI with 

the extracts could be employed as efficient sorbents for the remediation of phosphorus. 

Kiruba Daniel et al., (2013) reported a nZVI biosynthesis using leaf extract of Dodonaea 

viscosa, the nanoparticles showed spherical morphology with an average size of 27nm, 

and good antimicrobial activity against Escherichia coli, Klebsiella pneumonia, 

Pseudomonas fluorescens and Staphylococcus aureus and Bacillus subtilis. 

1.4. Surfactants 

Surfactants constitute an important class of industrial chemicals widely used in 

almost every sector of modern industry. They are amphiphilic molecules with both 

hydrophilic and hydrophobic moieties that partition preferentially at the interface between 

fluid phases with different degrees of polarity and hydrogen bonding such as oil/water or 

air/water interfaces (BANAT; MAKKAR; CAMEOTRA, 2000). These properties render 

surfactants capable of reducing the interfacial tension, reducing the free energy of the 

system by replacing the bulk molecules of higher energy at an interface. Surfactants have 

been used in an extremely wide variety of industrial processes as adhesives, flocculating, 

wetting and foaming detergency, emulsification and penetrants (BANAT; MAKKAR; 

CAMEOTRA, 2000; GAUTAM; TYAGI, 2006; MULLIGAN; GIBBS, 1993). 

Most of the comercially available surfactants are chemical surfactants, produced 

based on petrochemical sources (BANAT; MAKKAR; CAMEOTRA, 2000; GAUTAM; 

TYAGI, 2006; VAN BOGAERT et al., 2007). Furthemore, some of the surfactants are 

only slowly or partially biodegradable contributing to environmental impact 

(HAUSMANN; SYLDATK, 2015). Thus the rapid advances in biotechnology and 

increased environmental awareness, the chemically surfactants have increasingly been 

replaced by biotechnologically based compounds either enzymatic or microbial synthesis 

(BANAT; MAKKAR; CAMEOTRA, 2000; GAUTAM; TYAGI, 2006). New legislation 

has provided further impetus for serious consideration of biological surfactants as 

possible alternatives to existing products (BANAT; MAKKAR; CAMEOTRA, 2000). 
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1.5. Biosurfactant 

The biosurfactant classification, is used for either surfactants derived from 

renewable resources with surfactant-like properties produced by microorganisms 

(HENKEL et al., 2012). Biosurfactants can potentially replace virtually any synthetic 

surfactant, they attracted attention as hydrocarbon-dissolving agents in the late 1960s 

(REIS et al., 2013; SÁENZ-MARTA et al., 2015). 

Microbial biosurfactants are extracellular compounds produced by microbes such 

as by bacteria, yeast, and filamentous fungi grown on different carbon sources containing 

hydrophobic/hydrophilic substrates (LOVAGLIO et al., 2015; NITSCHKE et al., 2005; 

PIRÔLLO et al., 2008a; THAVASI, 2011). The production of biosurfactants can be 

growth associated, in this case, they can either use the emulsification of the substrate or 

facilitate the passage of the substrate through the membrane. However, they are also 

produced from carbo-hydrates, which are very soluble. They are usually secondary 

metabolites, produced during the late logarithm and/ or stationary growth phases (Figure 

1.2) (MULLIGAN; YONG, 2004; RON; ROSENBERG, 2001). 

 

Figure 1.2 Typical production of biosurfactants during growth 

 

Source: MULLIGAN, GIBBS, 2004 

Biosurfactants are surface active molecules having hydrophilic and hydrophobic 

moieties as their constituents which allow them to interact at interfaces and reduce the 

surface tension (FERNANDES, 2011; MISHRA et al., 2009; THAVASI, 2011). All 

biosurfactants structure comprise a hydrophilic moiety consisting of amino acids or 
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peptides anions or cations; mono-, di-, or polysaccharides; and a hydrophobic moiety 

consisting of unsaturated, saturated, or fatty acids (BANAT; MAKKAR; CAMEOTRA, 

2000; DESAI; BANAT, 1997b; MISHRA et al., 2009). The molecular structure often 

also contains several hydrophobic and corresponding hydrophilic parts. The hydrophobic 

part usually comprises on long-chain saturated or unsaturated fatty acids, hydroxy fatty 

acids or a-alkyl-b-hydroxy fatty acids, with various other structures such as isoprenoids 

being possible as well (HAUSMANN; SYLDATK, 2015; MULLIGAN; YONG, 2004). 

The hydrophilic portion can be a carbohydrate, amino acid, cyclic peptide, phosphate, 

carboxylic acid or alcohol (MULLIGAN; YONG, 2004).  

The micellization, micelle formation is the process of spontaneous formation of 

aggregates in aqueous solution from a certain concentration, called the critical micelle 

concentration (CMC). It is an intrinsic property and characteristic of the surfactant and 

corresponds to the lowest amount required for increased reduction in surface tension. The 

micelles of the training system take place in a short interval, and is detected by the rapid 

changes produced in certain physicochemical properties such as surface tension, osmotic 

pressure and conductivity (Figure 1.3) (MANIASSO, 2001).  

 

Figure 1.3 The relationship between biosurfactant concentration, surface tension, and formation of 

micelles. 

 

Source: PACWA-PŁOCINICZAK et al., 2011 
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The biosurfactants have a wide variety of chemical structures and surface 

properties, they can be of high or low molecular weight, thus, a different group of 

biosurfactants have different natural growth in the producing microorganisms (Table 1.1). 

Therefore, one group would have advantage in a specific ecological niche and another 

group would be more effective in a different niche. (MULLIGAN; GIBBS, 2004; RON; 

ROSENBERG, 2001). 

Table 1.1 Type and microbial origin of biosurfactants 

Surfactant class Microorganism 

Trehalose lipids 
Arthrobacter paraffineus, Corynebacterium spp., 

Mycobacterium spp., Modococus erythropolis 

Rhamnolipids Pseudomonas aeruginosa, Pseudomonas sp. 

Sophorose lipids 
Candida apícola, Candida bombicola 

Candida lipolytica, Candida bogoriensis 

Glucose-, fructose-, 

saccharose lipids 
Arthrobacter sp., Corynebacterium sp., R. erythropolis 

Cellobiose lipids Ustilago maydis 

Polyol lipids Rhodotorula glutinus, Rhodotorula graminus 

Diglycosyl diglycerides Lactobacillus fermentii 

Lipopolysaccharides 
Acinetobacter calcoaceticus (RAGl), Pseudomonas sp. 

Candida lipolytica 

Lipopeptides Arthrobacter sp., Bacillus pumilis, Bacillus licheniformis 

Surfactin Bacillus subtilis 

Viscosin Pseudomonas fiuorescens 

Ornithine, lysine peptides 
Thiobacillus thiooxidans, Streptomyces sioyaensis 

Gluconobacter cerinus 

Phospholipids Acinetobacter sp. 

Sulfonylipids T. thiooxidans, Corynebacterium aUamolyticum 

Fatty acids (corynomycolic 

acids, Capnocytophaga sp., 

Penicillium spiculisporum 

spiculisporic acids, etc.) 

Capnocytophaga sp., Penicillium spiculisporum 

Corynebacterium lepus, Arthrobacter paraffineus 

Talaramyces trachyspermus, Nocardia .erythropolis 

Source: Mulligan; Gibbs 1993 

High molecular weight polymeric biosurfactant: Are produced by many bacteria 

of different species, such as various prokaryotes, including Archaea, Gram-positive, and 

Gram-negative bacteria. They are polysaccharides, proteins, lipopolysaccharides, 

lipoproteins, or complex mixtures of these biopolymers; complex mixtures of these 

referred to as lipoheteropolysaccharides (HAUSMANN; SYLDATK, 2015; RON; 

ROSENBERG, 2001). Polymeric biosurfactants has properties like high viscosity, high 

tensile strength, and resistance to shear. It is because of these properties that they have 

found a variety of industrial uses in pharmaceuticals, cosmetics, and food industries 

(HAUSMANN; SYLDATK, 2015). 

Low molecular weight: based on their composition, they can be glycolipids or 

lipopeptides, but may also belong to this group simple fatty acids and free phospholipids 
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(MAKKAR; CAMEOTRA, 2002; PIRÔLLO et al., 2008b; SÁENZ-MARTA et al., 

2015). The lipopeptides are most known for their antibiotic properties, among then the 

Bacillus subtilis produces a cyclic lipopeptide called surfactin, its amphipactic nature may 

contribute to the formation of ion-conducting pores in membrane (GRAU et al., 1999; 

PEYPOUX; BONMATIN; WALLACH, 1999). Free fatty acids or phospholipids can be 

form by some bacteria and fungi when growing on n-alkanes (DESAI; BANAT, 1997). 

Fatty acids are components of a long-chain aliphatic carboxylic acid found in natural fats 

and oils, they also constitute membrane phospholipids and glycolipid Phospholipids are 

lipids containing one or more phosphate groups, are the main part of microbial 

membranes and are usually not present in an extracellular form (HAUSMANN; 

SYLDATK, 2015). 

Within the biosurfactants, the glycolipids form the greatest share, with the non-

sugar component, the aglycone, being highly versatile. These structures are particularly 

interesting since many biosurfactants exhibit high biological degradability 

(HAUSMANN; SYLDATK, 2015; MULLIGAN; YONG, 2004). They are carbohydrates 

in combination with long-chain aliphatic acids or hydroxyaliphatic acids (GAUTAM; 

TYAGI, 2006). Glycolipids comprising mono or oligosaccharides as well as lipid 

moieties form the most important group of low molecular weight biosurfactants. 

Biosurfactants with low molecular mass are efficient in lowering surface and interfacial 

tensions, whereas biosurfactants with high molecular mass are more effective at 

stabilizing oil-in-water emulsion. (BANAT; MAKKAR; CAMEOTRA, 2000; 

HAUSMANN; SYLDATK, 2015). Among the glycolipids, the four important groups of 

microbial glycolipids are rhamnolipids, sophorolipids, trehaloselipids, and 

mannosylerytitollipids. (BANAT; MAKKAR; CAMEOTRA, 2000; DESAI; BANAT, 

1997b; HAUSMANN; SYLDATK, 2015; RON; ROSENBERG, 2001). 

1.6. Production of Rhamnolipids 

Pseudomonas aeruginosa is defined as a Gram negative bacterium non-sporulated, 

can be found and isolated from different habitats, such as soils and plants, wetlands, 

marine and coastal habitats and animal tissue (OLIVEIRA, 2010). P. aeruginosa was first 

reported in 1949 by Jarvis and associates (MAIER; SOBERÓN-CHÁVEZ, 2000). It has 

the ability to synthesize a lot of glycolipid, type rhamnolipids. Pseudomonas aeruginosa 

can produce rhamnolipids from substrates including C11 and C12 alkanes, succinate, 
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pyruvate, citrate, fructose, glycerol, olive oil, glucose mannitol, oil, fats fatty acid, and 

lignocellulose (HENKEL et al., 2012; ROBERT et al., 1989). 

Rhamnolipids have been intensively investigated and extensively reviewed 

(MAIER; SOBERÓN-CHÁVEZ, 2000; NITSCHKE et al., 2005; OCHSNER; 

HEMBACH; FIECHTER, 1996) (Table 1.2). They are capable of reducing the surface 

tension of water from 72 mN/m to values between 25 and 30 mN/m (APARNA; 

SRINIKETHAN; HEGDE, 2011).  

Table 1.2 P. aeruginosa strain in various carbon source. 

Strain Carbon Source BIBLIOGRAPHY 

DSM2659 Glucose 
GUERRA-SANTOS ET AL., 

1984 

UG2 and PG201 Naphthalene DEZIEL ET AL., 1996 

* Crude Oil ZHANG ET AL., 2005 

LBI 
Soybean, Corn, Babassu, 

Cottonseed, and Palm Oil 
NITSCHKE ET AL., 2005B 

P029-GVIIA Molasses OLIVEIRA, 2010 

LBI 
Benzene, Toluene, Diesel Oil, 

Crude Oil and Oil Sludge 
PIRÔLLO ET AL., 2008 

GS9-119 and DS10-

129 

safflower oil, soybean oil, 

or glycerol 
RAHMAN ET AL., 2002 

44T1 Dodecane ROBERT ET AL., 1989 

LBI 

Oils from Buriti, Cupuaçu, 

Passion Fruit, Andiroba, 

Brazilian Nut and Babassu 

COSTA ET AL., 2006 

L2-1, B1-3, 6c, and 7a 
Cassava Wastewater, Waste Cooking Oil 

and Glycerol 
COSTA ET AL., 2009 

DSM 2874 Rapeseed Oil TRUMMLER ET AL., 2003 

PAO1 Sunflower Oil MÜLLER ET AL., 2010 

OG1 
Waste Frying Oil and 

Ram Horn Peptone 
ÖZDAL ET AL., 2017 

LBI Soapstock BENINCASA ET AL., 2002 

KY 4025 n-Paraffin ITOH ET AL., 1971 

47T2 Frying Oil HABA ET AL., 2000 

J4 
Glycerol, Glucose, Grape Seed Oil, Olive 

Oil and Sunflower Oil 
WEI ET AL., 2005 

PG201 Glucose OCHSNER ET AL., 1995 

DSM 2659 Glucose and Hexadecane KOCH ET AL., 1991 

S7B1 n-hexadecane or n-paraffin HISATSUKA ET AL., 1971 

AT10 Casablanca crude oil ABALOS ET AL., 2004 

*Note: the strain of P. aeruginosa has not been presented by the authors. 

 

Rhamnolipids comprise one or two molecules of rhamnose are linked to one or 

two molecules of b-hydroxydecanoic acid (BANAT; MAKKAR; CAMEOTRA, 2000; 

DESAI; BANAT, 1997a; HAUSMANN; SYLDATK, 2014). Consist mainly of a mono 

and di-rhamnolipids mixing and linked to one or two β acid molecules - reported 

hydroxydecanoic as RL1 (Rha2C10C10), RL2 (RhaC10C10), RL3 (Rha2C10) and RL4 

(RhaC10) Figure 1.4. 
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Figure 1.4 Structure of the four main counterparts of rhamnolipids 

 

Source: LOVAGLIO, 2011 

 

The type and proportion of produced rhamnolipids depend on the strain, on the 

carbon source used concentration of the medium components, pH, nutrient composition, 

substrate and temperature (DESAI; BANAT, 1997b; GAUTAM; TYAGI, 2006; 

GUERRA-SANTOS; KAPPELI; FIECHTER, 1984; LOVAGLIO et al., 2014; 

MULLIGAN; GIBBS, 1993). Temperature can cause alteration in the composition of the 

biosurfactant produced. (SYLDATK et al., 1985), according to Mulligan; Gibbs (1993), 

rhamnolipid production by P. aeruginosa is optimal at pH 6.25 and 33°C; at higher pH 

(> 7.5), production ceased. Rhamnolipid production reaches its maximum at a pH range 

6 - 6.5 and decreased sharply above pH 7 (GUERRA-SANTOS, 1984). Depending on the 

number and length of β-hydroxyl fatty acid chains and the number of rhamnose residues, 

the critical micelle concentrations (CMC) of rhamnolipids can vary from 5 to 200 mg/l 

(NITSCHKE; COSTA; CONTIERO, 2005). 

Because of their unique structures, biosurfactants may have a large range of 

properties that can be exploited commercially (SÁENZ-MARTA et al., 2015). 

Considering the important properties and a wide range of applications of biosurfactants, 

much more attention has been given to understand the biochemical properties and 
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physiological role on the producing microorganism as well as commercial application of 

biosurfactants (WARD, 2010). 

Even though microbial surfactants possess diverse structures and better chemical 

properties than the synthetic equivalents, they could not overcome the chemical 

surfactants in cost and production capacity (HAUSMANN; SYLDATK, 2015). 

Successful production depends on development of cheaper processes and the use of 

renewable materials and low cost (MAKKAR; CAMEOTRA, 1999) Reduction of 

production costs is, therefore, necessary to establish microbial surfactants as a general 

alternative. The high cost of production due to the use of expensive substrates which 

account for the 10–30% of the overall costs and inefficient methods, have prevented its 

widespread use (HEYD et al., 2008; PARRA et al., 1989).  

1.7. Process of bioremediation 

Bioremediation can be defined as an engineered technology that modifies 

environmental conditions chemical, physical or biochemical, such as pH, moisture and 

aeration to encourage microorganisms to degrade hazardous organic constituents to 

harmless substances (EPA, 2013; WILSON; JONES, 1993). The process can be applied 

ex situ if the contaminant is carried away from the contaminated site to a treatment facility 

in tanks, biopiles, or other treatment systems or in situ if the contaminant is treated at the 

contaminated site (EPA, 2013; MACAULAY; REES, 2014). It uses naturally occurring 

bacteria and fungi or plants to degrade complex chemical compounds. (MACAULAY; 

REES, 2014; SINGH; SINGH; SHARMA, 2014). 

There are many toxic materials generated as byproducts from several industries, 

which may be released into the environment. Among the heavy metals, the most 

hazardous are in an Environmental Protection Agency’s list of priority pollutants, which 

includes cadmium, copper, lead, mercury, nickel and zinc (CAMERON, 1992).The 

biological remediation is under development and is considered low cost, in relation to 

conventional processes (MULLIGAN; YONG; GIBBS, 2001a).  

The bioremediation of hydrocarbons occurs through increment of the solubility 

and bioavailability provided by the biosurfactants, their ability to enhance the surface area 

of hydrophobic water-insoluble substrates leads to removal of the contaminants by 

pseudo solubilization and emulsification (BANAT et al., 2010; RON; ROSENBERG, 

2002). In the bioremediation process the biosurfactant can be added to as purified 
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materials or in the form of bioemulsifier in both situations, they can stimulate the growth 

of oil-degrading bacteria (RON; ROSENBERG, 2002), resulting in the degradation of 

these compounds and their elimination from the environment (JACQUES et al., 2007).  

Some studies described that the biosurfactant by Bacillus subtilis showed 

efficiency in removing Zn, Cu, Cr and hydrocarbons from contaminated systems (DE 

FRANÇA et al., 2015). Also, the biosurfactants from Bacillus subtilis was used to 

degradation of used motor oil from contaminated sand, the removal rage achieved 82% 

(BEZZA; CHIRWA, 2015).  

The crude biosurfactant from Serratia marcescens showed ability to emulsify 

petroleum derivatives and also, exhibited properties of dispersing engine oil-in-water 

(78%) and to remove burned engine oil in beach sand (88.27%) and mangrove sediment 

(73.70%). Stenotrophomonas sp. produced a biosurfactant with capacity to reduce oil 

spillage in both aqueous and soil phases which also exhibited antimicrobial and 

antioxidant properties, this could be interesting for food, cosmetics, and detergents 

industries (GARGOURI et al., 2017). 

The application of biosurfactants in the remediation of heavy metals, when added 

to washing water promote desorption, solubilize and dispersal of heavy metals through 

complexation of the free form of the metal (Banat et al., 2010; Miller, 1995; Mulligan et 

al., 2001). The biosurfactant from Candida sphaerica can remove Fe, Zn and Pb from 

contaminated soil and aqueous solution, indicating removal rates among 95% and 79% 

(LUNA; RUFINO; SARUBBO, 2016). Chen et al., (2017) used rhamnolipids to remove 

heavy metals in a river sediment and observed that it was favored at high concentration, 

long washing time, and high pH, the efficiency was closely related to the original 

speciation of heavy metals in sediment. Yang et al., (2016) reported that the glycolipid 

produced by Burkholderia sp was efficient in the removal of Zn, Mn, Cd from 

contaminated soils, this result may come from the formation of a metal complex with 

biosurfactant and adhesion of heavy metal and minerals with the microorganism. 

1.8. Rhamnolipids in bioremediation 

There are many toxic materials generated as byproducts from several industries, 

which may be released into the environment. Aromatics and their chlorinated derivatives, 

which are toxic, are generated in pesticide and herbicides industries, petroleum and 

petrochemicals industries, plastics, iron and steel industries, wood preservation, etc 
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(KOSARIC, 2001). Among the heavy metals, the most hazardous are in an EPA’s list of 

priority pollutants, which includes cadmium, copper, lead, mercury, nickel and zinc 

(CAMERON, 1992).The biological remediation is under development and is considered 

low cost, in relation to conventional processes (MULLIGAN; YONG; GIBBS, 2001a).  

The bioremediation of hydrocarbons occurs through increased of the solubility 

and bioavailability provided by the biosurfactants, its ability to enhance the surface area 

of hydrophobic water-insoluble substrates leads to removal of the contaminants by 

pseudo solubilization and emulsification. (BANAT et al., 2010; RON; ROSENBERG, 

2002). In the bioremediation process the biosurfactant can be added to as purified 

materials or in the form of bioemulsifier in both situations, they can stimulate the growth 

of oil-degrading bacteria (RON; ROSENBERG, 2002), resulting in the degradation of 

these compounds and their elimination from the environment (JACQUES et al., 2007).  

Santos et al., (2013) observed that the crude biosurfactants from Candida 

lipolytica and aqueous solutions of the isolated biosurfactantat were effective in 

recovering up the motor oil from the walls of the beakers. The biosurfactants produced 

by Pseudomonas sp and Sphingomonas sp combined with electrokinetic (EK) 

remediation degraded phenanthrene in the soil with an efficiency of up to 65,1 % and 49,9 

% at the (LIN et al., 2016). The comparison of rhamnolipids, Tween 80, and sodium 

dodecyl benzenesulfonate (SDBS) sprayed onto soils contaminated with polycyclic 

aromatic hydrocarbons (PAHs), showed a degradation of 95 % in the soil treated with 

rhamnolipids, followed by 92 % degradation with Tween 80 and 90 % degradation with 

SDBS (WANG et al., 2016). Jain et al. (1992) observed that the biodegradation of 

tetradecane, hexadecene and pristane was significantly enhanced by adding either 

Pseudomonas aeruginosa UG2 celIs or their biosurfactants in soil with this hydrocarbon 

mixture. 

The biosurfactant from P. aeruginosa strain exhibited a higher performance in oil 

recovery than the chemical surfactants Enordet and Petrostep, suggesting its potential 

application in the oil industry or bioremediation processes (GUDIÑA et al., 2015). In an 

experiment simulating marine oil spill bioremediation using a bacterial consortium with 

rhamnolipids, the hydrocarbons biodegradation was enhanced with an efficiency by 5,6% 

(CHEN et al., 2013).  

The application of biosurfactants in the remediation of heavy metals, when added 

to washing water promote desorption, solubilisation and dispersal of heavy metals 
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through complexation of the free form of the metal (BANAT et al., 2010; MILLER, 1995; 

MULLIGAN; YONG; GIBBS, 2001b). The biosurfactant from Candida sphaerica in the 

removal of  Fe, Zn and Pb from soil collected from an automotive battery industry and 

from aqueous solution indicates removal rates among 95% and 79% (LUNA; RUFINO; 

SARUBBO, 2016). Chen et al., (2017) analyzed the effects of rhamnolipid as the washing 

agent to remove heavy metals in river sediment was favored at high concentration, long 

washing time, and high pH., the efficiency was closely related to the original speciation 

of heavy metals in sediment. 

1.9. Crude Glycerol 

Biodiesel has recently experienced a considerable production increase in the 

world. A rapid expansion in production capacity is being observed not only in developed 

countries but also in developing ones (CARRIQUIRY, 2007). Various countries have 

recently adopted the use of biodiesel mixture in petroleum, in Brazil, the addition of 2% 

biodiesel (B2) is obligatory since January of 2008, increasing to 5% (B5) in 2013 (DA 

SILVA; MACK; CONTIERO, 2009). 

Biodiesel is mainly produced by the transesterification of animal fats or vegetable 

oils (NANDA et al., 2014). Crude glycerol is the primary byproduct of the 

transesterification process in a biodiesel plant, (Figure 1.5) between oils or fats 

(triglycerides) and an alcohol (usually methanol). The feedstocks usually are pure 

vegetable oil (e.g., soybean, rapseed, sunflower), rendered animal fats, or waste vegetable 

oils. The theoretical ratio of methanol to triglyceride is 3:1; one methanol molecule for 

each of the three hydrocarbon chains and is equivalent to approximately 12% methanol 

by volume. (AGGELIS, 2009; ZHOU et al., 2008). 
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Figure 1.5 Transesterification reaction of a triacylglycerol with an alcohol. 

 

Source: FELTES et al, 2011 

 

Glycerol, 1,2,3-propanetriol, is a colorless, odorless, viscous liquid with a sweet 

taste, derived from both natural and petrochemical feedstocks (PAGLIARO; ROSSI, 

2008, 2010). Glycerol can be obtained by basic hydrolysis of triglycerides of animal fat 

or vegetable oil, by microbial fermentation or by chemical synthesis from petrochemical 

feedstocks or can be recovered as a by-product of soap manufacture from fats. In general, 

the conversion of glycerol can be broken down into two classes: (1) oxidation or reduction 

of the glycerol into other three carbon compounds, or (2) reaction of glycerol with other 

molecules to form new species. 

Glycerol is furthermore a relevant by-product in biodiesel production 

(HAUSMANN; SYLDATK, 2015; WANG et al., 2001). Is a simple alcohol with many 

uses in the cosmetic, paint, automotive, food, tobacco, pharmaceutical, pulp and paper, 

leather and textile industries or as a feedstock for the production of various chemicals 

(WANG et al., 2001). Is one of the most versatile and valuable chemical substances 

known, is completely soluble in water and alcohols, is slightly soluble in many common 

solvents such as ether and dioxane, but is insoluble in hydrocarbons. Contains three 

hydrophilic alcoholic hydroxyl groups, which are responsible for its solubility in water 

and its hygroscopic nature. It is a flexible molecule forming both intra- and intermolecular 

hydrogen bonds (PAGLIARO; ROSSI, 2008, 2010). 

The industrial conversion of renewable resources into useful compounds has been 

receiving much attention from the environmental point of view; the use of crude glycerol 

is becoming very important, because the increasing production of biodiesel 
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(EASTERLING et al., 2009; MORITA et al., 2007). Glycerol is a widely used substrate 

for rhamnolipid production (SYLDATK et al., 1985) since a wide variety of 

microorganisms can utilize glycerol as a source of carbon and it is often formed as an 

intermediate in both the aerobic and anaerobic catabolism of lipids and glucose 

(HAUSMANN; SYLDATK, 2015). The bioconversion of glycerol adds expressive value 

to the biodiesel industry (DA SILVA; MACK; CONTIERO, 2009). The choice of 

inexpensive raw materials is extremely important in the total economy of the process 

because they account for 50% of the final product cost. (MAKKAR; CAMEOTRA, 

1999). 

However, are certain disadvantages of using low-priced substrates. For example, 

glycerol can be obtained in different purities, crude glycerol, used for the production of 

biodiesel, which contains approximately 90% glycerol may contain various types of 

impurities such as methanol, salts, soaps, heavy metals, and residual fatty acids 

(PAGLIARO; ROSSI, 2010; SOUSA et al., 2011). Due to the presence of such heavy 

impurities, its purification for industrial applications is unprofitable 

(CHATZIFRAGKOU et al., 2010; CHATZIFRAGKOU; PAPANIKOLAOU, 2012), 

nevertheless these impurities could difficult the access of the glycerol by the 

microorganisms. Thereby, the utilization of glycerol through biotechnological 

approaches represents a hopeful guarantee for the its effective management 

(PAPANIKOLAOU, 2009), many studies has been reported on their use for the 

production of biosurfactants (Table 1.3). 
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Table 1.3 Production of Rhamnolipids by Pseudomonas strains using Glycerol 

Substrate 
Average 

Content 
Strain 

Rhamnolipid 

(g/L) 
Reference 

Crude glycerol 

(biodiesel production) 
80% DSM 2874 8.5 SYLDATK et al., 1985 

Glycerol * DSM2659 1.0 
SANTA ANNA et al., 

2002 

Glycerol * DS10-129 1.77 RAHMAN et al., 2002 

Glycerol 3% PA1 6.9 
SANTA ANNA et al., 

2002 

Glycerol 4% DSM 2874 1.77 

TRUMMLER; 

EFFENBERGER; 

SYLDATK, 2003 

Glycerol 3% - 15.4 ZHANG et al., 2005 

Glycerol 3% UCP0992 8 SILVA et al., 2010 

Glycerol 50g/L EQ 109 0.68 SANTOS, 2011 

Crude glycerol 

(biodiesel production) 
2% MSIC02 2.3 SOUSA et al., 2014 

Glycerol 3% BK-AB12 0.048 
PUTRI; HERTADI, 

2015 

Glycerol 1% WAE 2.164 ERAQI et al., 2016 

Crude glycerol 

(biodiesel production) 
50 g/L LBI 2A1 2.55 

SALAZAR-BRYAM; 

LOVAGLIO; 

CONTIERO, 2017 

*Note: average content not specified by the authors. 

2. Background and Project Relevance 

The use of nanoscale zero-valent iron is a promising technology for environmental 

remediation by reductive degradation of organic compounds in environments low in 

dissolved oxygen. However, their physical and chemical properties and their reactivity 

are not yet fully known. Furthermore, strong aggregation of nZVI and low stability at 

storage conditions inhibit the dispersion in the treating zones, making the use of 

surfactants an alternative to stabilize nZVI. 

In this scenario the rhamnolipids produced by Pseudomonas aeruginosa, using 

glycerol as a substrate can be presented as a solution to this problem. The use of 

biosurfactants in the bioremediation has become one of the methods used in the 

remediation of contaminated sites (THAVASI, 2011). The motivation for this work is to 

give subsidies to the use of rhamnolipids, produced by the bacterium Pseudomonas 

aeruginosa, in the stabilization process and remediation using nZVI. The rhamnolipids 

may significantly increase stabilization of nanoparticles of iron zero valent. 
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3. Objectives 

General 

Stabilization of de nanoscale zero-valent iron (nZVI) aiming the biosurfactant 

produced by Pseudomonas aeruginosa using glycerol as a carbon source. 

 

Specific 

1. A bibliographic survey about the state of the art of nZVI and biosurfactants; 

2. Optimization of temperature and initial carbon source for the production of 

rhamnolipids and glycerol consumption using Pseudomonas aeruginosa LBI 2A1; 

3. Production, stabilization and characterization of nZVI using rhamnolipids as 

capping agent; 

4. Study the performance of bare nZVI and stabilized nZVI in nitrate removal. 
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2. Biosurfactants as green chemical stabilizers for nanoscale zero 

valent iron 

Abstract 

Nanoscale zero-valent iron is a generation of environmental remediation technologies and 

is one of the most widely studied materials. These nanoparticles are highly reactive due 

to the high specific surface area and strong reducing potential, which are valuable 

properties in the environmental remediation sector. Due to aggregation caused by 

electrostatic forces, the methods for preparing nanoscale zero-valent iron have been 

modified with the use of stabilizers or surface modifiers. Biosurfactants have emerged as 

an alternative way for the colloidal nanoparticle stabilization procedures, as such 

compounds reduce the aggregates formation. Biosurfactants have greater 

biodegradability, lower toxicity, and excellent biological activities, making such 

compounds eco-friendly. This literature review shows a comprehensive context of 

nanoscale zero-valent iron technology and highlights the latest developments regarding 

the stabilization of nanoscale zero-valent iron from a green chemistry perspective, 

focusing on types of biosurfactants. This review also reveals gaps in knowledge, such as 

the little attention given to the technique of particle stabilization using biosurfactants, and 

the need for further research on sustainable environmental systems. 

 

Keywords: Nanoscale zero-valent iron, Biosurfactants, Green Stabilization, 

Green Chemistry, Nanotechnology 

1. Introduction 

Nanotechnology consists of fabrication and application of extremely small structures on 

the level of atoms, molecules, and supramolecular structures, with dimensions varying of 

1 to 100 nm (NSET, 2003, ISO, 2009). This innovative technology can be used for the 

remediation of contaminated sites and has the ability to affect environmental safety 

deeply, since it can be used to degrade the pollutants from water bodies, air and also 

attenuate contaminants in the environment (NSET, 2003).  

Environmental contamination caused by organic compounds is the most important 

challenge that affects a huge number of soils and water surfaces (CETESB, 2015; EC, 

2013; US EPA, 2002). To reduce or remove these pollutants, contaminated sites are 

usually treated using physical and chemical methods, such as reduction, precipitation, 

adsorption and ion exchange. However, most of these remediation techniques are 

expensive, have high energy requirements, and commonly lead to incomplete removal as 

well as the production of secondary wastes (DHAL et al., 2013). 
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Nanoscale zero-valent iron (nZVI) is a generation of environmental remediation 

technologies that are non-toxic, abundant, cheap, and easy to produce. To reduce the 

tendency of aggregation, nZVI are often stabilized. Among these methods the steric 

hindrance is applied with chemical surfactants (CRANE; SCOTT, 2012), as 

cetyltrimethylammonium bromide (FILIPPOUSI et al., 2014), polyvinylpyrrolidone 

(RIOUX et al., 2005; RUÍZ-BALTAZAR et al., 2015; TAN et al., 2003) and poly(vinyl 

alcohol-co-vinyl acetate-co-itaconic acid) (WANG; LAM; ACOSTA, 2013) which play 

major roles improving particle mobility (DUTRA, 2015). 

Most commercially available surfactants are chemically synthesized from 

petrochemical sources (BANAT; MAKKAR; CAMEOTRA, 2000; GAUTAM; TYAGI, 

2006; VAN BOGAERT et al., 2007). These compounds are slowly or partially 

biodegradable, further augmenting environmental negative impact (HAUSMANN; 

SYLDATK, 2014). Moreover, while surfactants offer low harm to humans, such 

compounds can influence plants and animals. For instance, ethoxylated alcohols, which 

are constituents of laundry detergents, present toxicity to fish (MULLIGAN; YONG; 

GIBBS, 2001). 

With the rapid advances in biotechnology and increased environmental 

awareness, synthetic surfactants have increasingly been replaced with biologically 

produced compounds (BANAT; MAKKAR; CAMEOTRA, 2000; GAUTAM; TYAGI, 

2006). Biosurfactants can potentially replace virtually any synthetic product (REIS et al., 

2013; SÁENZ-MARTA et al., 2015) and can be applied in enhanced bioremediation to 

clean contaminated soil and water (THAVASI, 2011) as well as assist in microbial-

enhanced oil recovery, as occurs in oil recovery processes (BANAT et al., 2010). These 

natural compounds can be produced from renewable sources and have low toxicity, high 

biodegradability, and biocompatibility as well as they are stable in high pH, temperature 

and salinity (BANAT et al., 2010; COOPER, 1986; DESAI; BANAT, 1997), enabling in 

situ applications (WANG et al., 2016).  

In this context, green chemistry has positive aspects over chemical methods and 

it is more likely to produce an environmental advantage even better through being safe, 

eco-friendly and avoiding the possible hazard of some production or procedure. 

(POLIAKOFF, 2002). In the green chemistry aspect, the major steps toward the 

preparation of nanoparticles may be divided in there: the solvent medium for the 

synthesis, an eco-friendly reducer, and a harmless stabilizer material (RAVEENDRAN; 
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FU; WALLEN, 2003). In the present work, we present a green approach toward the 

stabilization of iron nanoparticles 

The objective of this literature review is to reveal the current state-of-the-art of 

nZVI green stabilization and to propose a new green stabilization process through the use 

of biosurfactants, aiming at environmental applications of nZVI. 

2. Methods 

Nanoparticle stabilization involves a number of steps ranging from traditional 

mechanical and chemical processes to recently developed processes. Data collection for 

the present review initiated with a search of databases made available through the 

Brazilian Coordination for the Advancement of Higher Education Personnel (CAPES), 

such as Scopus, Web of Science, Science Direct, and National Center for Biotechnology. 

The databases were extensively searched focusing on three relevant topics: i) the 

stabilization of nZVI, ii) biosurfactants, and iii) green stabilization of nZVI. The initial 

search led to the retrieval of 700+ papers, which were read and classified. The scope of 

the review was narrowed down, focusing on green stabilization of nZVI and 

biosurfactants and a number of studies were selected based on their relevance to the 

subject.  

3. Nanoscale zero-valent iron  

Is composed of a core consisting primarily of zero-valent iron, whereas the 

metallic iron is oxidized (Li et al., 2006). nZVI has more reactivity than regular iron 

powder due to the large surface area and high surface reactivity (E0 = - 0,44 V) (WEI-

XIAN ZHANG, 2003; ZHAO et al., 2016). This value shows that Fe0 is a stronger 

reducing agent when compared to hydrogen, carbonates, sulfates, nitrates, oxygen, and 

many organic compounds and it can also adsorb contaminants (CRANE et al., 2011; WEI 

et al., 2012). Thus, nZVI has been widely investigated in the field of environmental 

remediation (WEI-XIAN ZHANG, 2003; ZHAO et al., 2016).  

3.1. Agglomeration stabilization 

Particle stability can be achieved by incorporating a stabilizing agent before 

compounds are arranged ⸻ called pre-agglomeration stabilization ⸻ or along the 

development of nanoparticles ⸻ called post-agglomeration. 
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3.1.1. Pre-agglomeration stabilization 

Thermodynamically, pre-agglomeration stabilization is advantageous to obtain 

minor particles (Tratnyek et al. 2011). Cho and Choi (2010) found that the mean 

tetrachloroethene, trichloroethene, and 1,1,1-trichloroethane removal efficiency by the 

carboxymethyl cellulose Fe-Pd was significantly greater compared to conventional nZVI. 

He and Zhao (2008) also found that the trichloroethene degradation rate increased when 

Fe-Pd bimetallic nanoparticles were stabilized with carboxymethyl cellulose. 

c 

3.2. Stabilization of nanoscale zero-valent iron  

Because of a significant thermodynamic driving force, the metals tend to return to 

their natural state of low energy. This reversion process is commonly referred to as 

corrosion, so iron zero (Fe0) is highly corrosive in aqueous media (CRANE; SCOTT, 

2012; NSET, 2003). The following equations (1 and 2) are classical 

electrochemical/corrosion reactions. In mineral water, the main accessible components 

for the oxidation of iron are dissolved oxygen and water itself.  

2Fe0(s) + 4H+(aq) + O2(aq)→ 2Fe2+ + 2H2O(l) E0 = +1.67 V (1)  

2Fe0(s) + 2H2O(l)→ 2Fe2+ + H2(g) + 2OH−(aq) E0 = −0.39 V (2)  

Ferrous iron (Fe2+) is the major result of these equations and is subjected to 

additional oxidative transformation (equations 4 and 5): 

2Fe2+(s) + 2H+(aq) + ½O2(aq)→ 2Fe3+ + H2O(l) E0 = +0.46 V (4)  

2Fe2+(s) + 2H2O(l)→ 2Fe3+ + H2(g) + 2OH−(aq) E0 = −1.60 V (5) 

Bare nanoparticles are likely to become stabilized by the adsorption of molecules 

from the surrounding environment or by decreasing the magnetic forces between nZVI 

particles, leading to significant coagulation and agglomeration (Phenrat and Saleh 2007; 

Kraynov and Müller 2011). Intermolecular forces comprise electric dipolar interactions, 

magnetic dipolar and van der Waals forces (ZHAO et al., 2016). To reduce problems 

associated with aggregation (Phenrat and Saleh 2007), the stabilization of nZVI is a 

challenge that is met using the following methods: 
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3.2.1. Network stabilization (or viscous stabilization) 

The use and adsorption of higher concentrations of polymers, such as xanthan gum 

(COMBA; SETHI, 2009), on the order of several g/l, which may be adsorbed or 

covalently linked to the surface of the nanoparticles. In this case, the polymer not only 

attaches to the particle surface but also remains dissolved, hindering the particles from 

moving toward one another by reducing the frequency of collisions among them (Figure 

2.1).  

Figure 2. 1 Schematic illustration of (a) surface modification and (b) network stabilization 

 

Source: ZHAO et al., 2016 

3.2.2. Surface Modification 

Electrostatic repulsion 

Electrostatic repulsion is based on Coulomb’s law, when a loaded stabilizing agent 

is adsorbed to the core metal, creates a repulsion. This is obtained when the particles are 

encircled by a dual coat of electrostatic charges (Figure 2.1) (KRAYNOV; MÜLLER, 

2012). The metal particle stays electrically neutral, carrying an electric dipole moment 

(ZHAO et al., 2016). 

Steric stabilization 

According to steric repulsion between molecules or ions adsorbed on neighboring 

constituent parts (Figure 2.1), stabilization is typically achieved by coating the metal core 
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with macromolecular stabilizers. The steric hindrances applied to the nZVI promotes 

colloidal stability, the covering particles neutralize the electrical and dipole attractions 

between the molecules (CRANE; SCOTT, 2012; DONG et al., 2016; SEN; SHAH, 2014). 

The dimension and chemical structure of these particles define the capacity of 

stabilization (KRAYNOV; MÜLLER, 2012; ZHAO et al., 2016). When the material of 

stabilization is considerably bigger than the nanoparticle, a sphere may be produced 

capturing the nanoparticle. Thus, high molecular weight polymers are often employed as 

stabilizing agents (BASNET; GHOSHAL; TUFENKJI, 2013; EL-NAHHAL et al., 2017; 

HE et al., 2007; KRATOCHVIL; VOLESKY, 1998; LEE et al., 2009; PHENRAT et al., 

2009a, 2009b, 2010, 2018; SAHEBNAZAR et al., 2018). 

Particles stabilized electrostatically or sterically are able to move and aggregation 

is prevented by the dominance of thermodynamic repulsive forces (COMBA; SETHI, 

2009; TOSCO et al., 2014; ZHAO et al., 2016). 

Electrosteric stabilization 

The ionic stabilization of nanoparticles is based on enough absorption power and 

on the definitions of steric and electrostatic stabilization simultaneously (Figure 2.1). 

Owing to the elevated ion density, this technique enables especially intense electrostatic 

stabilization at the same time either the cations or the anions are powerfully chemisorbed 

(Saleh et al. 2005; PhenRat et al. 2008; Kraynov and Müller 2011). 

Among steric hindrance methods, surfactants play a significant function in the 

generation of nano-emulsions by improving mobility and preventing the coalescence of 

the newly formed drops (CRANE; SCOTT, 2012; ZHAO et al., 2016). Only when enough 

quantity of covering substance or surfactant is participating to form a whole micelle a 

nano-emulsion is reached (CRANE; SCOTT, 2012). Some stabilizers may cause 

secondary contamination when applied for the in situ remediations of soil and 

groundwater, the synthetic surfactant is of particular concern with regard to toxicity 

(ZHAO et al., 2016).  

3.3. Chemical stabilization and its disadvantages 

To prevent the agglomeration of metallic nanoparticles, stabilizing agents such 

surfactants as Sodium Dodecyl Sulfate (SDS) (BEGUM; AHMARUZZAMAN, 2018; 

MOHAMMADI, 2017; ZHANG et al., 2017), Alkylphenol polyethoxylate (Triton X-
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100) (KHANI; RASHIDI; KASHI, 2017; RAMEZANZADEH et al., 2015), 

Polyvinylpyrrolidone (PVP) (RIOUX et al., 2005; RUÍZ-BALTAZAR et al., 2015; TAN 

et al., 2003; ZHANG et al., 2018), Polyethylene glycol (PEG) (CHEN; HA; SHI, 2019; 

LI et al., 2019; QI et al., 2016) are added to the reaction mixture (Figure 2.2). 

 

Figure 2. 2 Molecular structure of the surfactants Sodium Dodecyl Sulfate (SDS), Alkylphenol 

polyethoxylate (Triton X-100), Polyvinylpyrrolidone (PVP), Polyethylene glycol (PEG) 

 

 

Surfactants are slowly or partially biodegradable and bioaccumulative, owing 

potential to cause adverse environmental effects (HAUSMANN; SYLDATK, 2014; 

PETROVIC et al., 2002; YING, 2006), studies indicate acute toxicity for D. salina 

(SIBILA et al., 2008), Macrocystis pyrifera (SINGER et al., 1994), for Daphnia magna 

(SANDBACKA; CHRISTIANSON; ISOMAA, 2000) and fish (MULLIGAN; YONG; 

GIBBS, 2001). Effective treatment before their release to the environment is 

indispensable to prevent these potential problems (IKEHATA; EL-DIN, 2004). 

Surfactants in the environment can cause serious environmental pollution with 

toxic effect on living organisms; otherwise, they can promote the decomposition and/or 

removal of other inorganic and organic pollutants from the environment. 

SDS is extensively applicated by industries, as a result, a significant quantity of 

this surfactant accumulated in treatment flow and sewage sludge. It is considered 
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biodegradable by aerobic processes; however, is faster when in mixed cultures than in 

isolated ones (CSERHÁTI; FORGÁCS; OROS, 2002). Diesel oil-degrading 

microorganisms can fully degrading 2000 mg SDS in the temperature ranging from 5 to 

30°C, at high SDS concentrations the microbial dehydrogenase activity was inhibited 

independent of temperature, above 700 mg/L (MARGESIN; SCHINNER, 1998). Under 

aerobic conditions, a consortium of Alcaligenes faecalis, Enterobacter cloacae and 

Serratia marcescens could degrade 94.2% of SDS with a half-life of 9.8 h (FEDEILA et 

al., 2018). Studies show that Lemna minor L. growth was enhanced by increasing 

concentrations of SDS between 1 and 40 ppm, contrarily, the accumulation of SDS by 

Lemna minor L., increased with increasing concentrations of SDS between l-90 ppm, 

(DIRILGEN; INCE, 1995). For estuarine crustaceans, the LC50 values of SDS were 

determined for blue crab larvae with 9.8 mg/l, followed by mysids with 48 mg/l, and the 

least were grass shrimp with 34 mg/l (WHITING; CRIPE; LEPO, 1996). Nitrogen 

fixation capacity is affected by SDS and the growth of the cyanobacterium Gloeocapsa 

its inhibition was at 50 ppm (CSERHÁTI; FORGÁCS; OROS, 2002). Acute toxicity by 

SDS exposure was observed in aquatic species Gambusia holbrooki, Artemia 

parthenogenetica and Tetraselmis chuii, with an LC50 of 15.1mg/L, 12.2 mg/L and 30.2 

mg/L respectively (NUNES; CARVALHO; GUILHERMINO, 2005). 

Alkylphenol polyethoxylates are nonionic surfactants extensively used as 

industrial detergents and in household products, because they are often present in 

municipal and industrial wastewater (SONG; BIELEFELDT, 2012; TUBAU et al., 2010). 

They were identified as priority hazardous substances and an Environmental Qualty 

Standards method was defined for them, establishing 0.3 and 0.01-0.1 ug/L as limit 

concentrations for Nonylphenol and Octylpheno, respectively. Also, Alkylphenol 

Polyethoxylates were observed being less degraded or persistent in under reducing 

conditions, while they are degraded when oxidizing conditions prevail (TUBAU et al., 

2010). Gu et al. (1997), observed that Triton X-100 was most toxic, followed by Triton 

X-165, and Tween 80 in concentrations ranging from 100 to 3000 mg/L on the growth of 

an activated sludge culture. Hotta et al. (2010) observed that Alkylphenol 

Polyethoxylate’s biodegradation was significantly influenced by magnesium and calcium 

ions and the rate of biodegradation was notoriously accelerated by ferric ions, suggesting 

that these elements influence the resultant ecotoxicity as well as the rate of their 

biodegradation in the environment. Using Pseudomonas species Chen et al. (2005) noted 
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the potential of these strains for Triton X-100 biodegradation, the strain was resistant to 

10000 mgL-1 of Triton X-100. Under the experimental conditions, alkylphenols displayed 

greater cytotoxicity to the rainbow trout hepatocytes. The compound caused a metabolic 

inhibition at 100 mM, whereas the loss of membrane integrity occurred at 3 times higher 

concentrations (TOLLEFSEN et al., 2008).  

Polyvinylpyrrolidone (PVP) is a synthetic polymer soluble in water and nontoxic 

in animals. The biodegradation of PVP is influenced by the presence of other substances 

and toxic metabolites may form during its decomposition process (JULINOVA et al., 

2013). It is almost certain that PVP fraction was eluted into the experimental environment, 

due to its easy solubility (VANHAROVA; JULINOVA; SLAVIK, 2017). This pattern 

could lead to the sorption of PVP to soil particles, forming complexes with PVP and soil 

components or with microbial enzymes. After 30 days, poor aerobic biodegradability of 

PVP can be assumed, no difference in the repeating units and no oxidation of the terminal 

groups was observed (TRIMPIN et al., 2001). 

Although high molecular weight PEG is slightly toxic, LD50 > 2000 mg/kg (oral, 

rat) (SERVA, 2017), acute toxicity increases with decreasing molecular weight (BIONDI, 

2002), compared to glucose, hexadecane or pristine, the degradation rate of PEG was 

slightly low (MARCHAL et al., 2008), under environmental conditions the time required 

for degradation usually increases with higher molecular weight (BERNHARD et al., 

2008). PEG dumping could be dangerous as it can complex heavy metals and behave as 

a co solvent for pesticides, enhancing their solubility and transport to groundwater 

(CASTANHO et al., 2009). PVP has a slower degradation compared to PEG (AARTHI; 

SHAAMA; MADRAS, 2007; SHIBAEV et al., 2008), which leads to accumulation of 

the polymer above the disposal limit (KNOP et al., 2010).  

3.4. Green stabilization and its advantages 

To avoid contamination and adverse effects on the environment are necessary to 

search for environmentally friendly stabilization pathways, i.e. non-toxic stabilizing 

agents (VIRKUTYTE; VARMA, 2011). Green chemistry can potentially be safe, eco-

friendly and cheap (POLIAKOFF, 2002). The innovative chemical technologies aim to 

minimize or eliminate the generation and/or use of hazardous substances in the design, 

manufacture and consequently dispersion in the environment. Their aim is reducing or 



57 

 

 

removing the intrinsic hazard of particular products or processes at the source (CLARK; 

MACQUARRIE, 2002).  

Green synthesis and stabilization of metallic nanomaterials are being investigated 

to preserve the environment by lowering the application of chemical methods (PARK et 

al., 2011). From the green chemistry point of view, the most important steps toward the 

development of nanoparticles may be divided three: (i) the solvent medium for the 

synthesis, (ii) a harmless environmental friendly reducer, and (iii) a harmless compound 

for nanoparticles stabilization. The choice of a material as nanoparticle stabilizer should 

include various points, from the appropriate size and arrangement to purpose of use 

(RAVEENDRAN; FU; WALLEN, 2003). 

Biodegradable polymers disposed of in environments are degraded by 

microorganisms such as bacteria, fungi, and algae, in contrast, conventional polymers 

persist for many years after disposal (GROSS, 2002). Their use has many advantages, 

including the reduction of chemicals that are toxic to the environment. Natural products 

which serve a dual role as both as reducing and stabilizing agents (CHAIRAM; 

KONKAMDEE; PARAKHUN, 2017; FATISSON; GHOSHAL; TUFENKJI, 2010) have 

been used in the synthesis of bioactive nanoparticles (PARK et al., 2011). 

Nanoparticles can be successfully stabilized using soluble hydroxylated 

biopolymers such as dextran (KIM; WALSH, 2010). Also, a complex medium, 

containing biomolecules ranging from small molecules to polymers like potato-starch 

(MOLNÁR et al., 2018), carrot and onion (ENGELBREKT et al., 2009) and mung bean 

starch were used as stabilizing agents (CHAIRAM; KONKAMDEE; PARAKHUN, 

2017).  

Other polymers such as carboxymethylcellulose (BASNET et al., 2015; 

BHATTACHARJEE et al., 2016), soybean flour (BASNET et al., 2015), soy protein 

(BASNET; GHOSHAL; TUFENKJI, 2013) and biosurfactants (BASNET et al., 2015; 

BASNET; GHOSHAL; TUFENKJI, 2013; BHATTACHARJEE et al., 2016; 

BHATTACHARJEE; GHOSHAL, 2016; FATISSON; GHOSHAL; TUFENKJI, 2010) 

are already been applied and consequently, these compounds could be used 

simultaneously as described by Fatisson et al. (2010), using carboxymethylcellulose and 

biosurfactant.  

Biosurfactants have been revealed to be excellent compounds to stabilize 

nanoparticles, they already have been used to stabilize silver nanoparticles (Ag) (FARIAS 
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et al., 2014; KIRAN; SABU; SELVIN, 2010; KUMAR et al., 2010; RAVI KUMAR et 

al., 2010; REDDY et al., 2009; SALAZAR-BRYAM, 2016; XIE; YE; LIU, 2006) nickel 

oxide (NiO) (PALANISAMY, 2008; PALANISAMY; RAICHUR, 2009), cadmium 

sulfide (Cd(NO3)2) (SINGHAL; NIE; WANG, 2010) and iron oxide (Fe3O4) (LIAO et 

al., 2010). Due to their exceptional arrangements, biosurfactants may have a huge variety 

of properties that can be commercially exploited (SÁENZ-MARTA et al., 2015), in 

addition to their biochemical characteristics and physiological function on the producer 

microorganisms (WARD, 2010). 

4. Green stabilization allies: Biosurfactants  

The term biosurfactant is used for a group of compounds produced by a wide 

variety of microorganisms. They are amphipathic molecules with tenso-active properties, 

(SMYTH et al., 2010a) and can be produced from renewable raw materials or even from 

industrial waste, as well as having a higher biodegradability and lower ecotoxicity (RAU 

et al., 2005). These natural occurring surfactants are likely to replace virtually any 

synthetic surfactant as that they have gained attention as hydrocarbon-dissolving agents 

in the 60’s (REIS et al., 2013; SÁENZ-MARTA et al., 2015).  

They can be defined as extracellular compounds produced by bacteria, yeast, and 

filamentous fungi grown on different carbon sources (LOVAGLIO et al., 2015; 

NITSCHKE et al., 2005; PIRÔLLO et al., 2008; THAVASI, 2011). The hydrophilic and 

hydrophobic moieties of these surface-active molecules enable reductions in the 

interfacial tension and surface tension (FERNANDES, 2011; THAVASI, 2011). All 

biosurfactants have a hydrophilic moiety comprising of peptides or amino acids, cations 

or anions, di-, mono-, or polysaccharides and a hydrophobic moiety comprising of 

saturated or unsaturated fatty acids (BANAT; MAKKAR; CAMEOTRA, 2000; DESAI; 

BANAT, 1997). The hydrophobic portion generally contains long-chain saturated or 

unsaturated fatty acids, a-alkyl-b-hydroxy, fatty acids or hydroxy fatty acids 

(HAUSMANN; SYLDATK, 2014; MULLIGAN, 2005). The hydrophilic part may be an 

amino acid, alcohol carbohydrate, carboxylic acid cyclic, peptide or phosphate 

(MULLIGAN, 2005).  

An intrinsic characteristic of a surfactant is the formation of micelles, which is the 

spontaneous formation of aggregates in an aqueous solution. The critical micelle 

concentration corresponds to the lowest amount required for the maximum reduction in 
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surface tension (MANIASSO, 2001). Depending on the system, the result in terms of 

shape is elongated, cylindrical, spherical or rod-like micelles, flat, lamellar and large 

micelles, or large vesicles (NGUYEN et al., 2008). 

Biosurfactants contain a large variety of chemical structures and surface properties 

and are defined as high or low molecular weight (Table 2.1). Thus, distinct classes of 

biosurfactants are produced by different microorganisms. Some types of biosurfactants 

may have advantages in a specific environmental condition and other types may be more 

effective in another condition (MULLIGAN; GIBBS, 2004; RON; ROSENBERG, 2001).  

 

Table 2. 1 Production of biosurfactants using different strains and carbon sources 

(continua) 

Type Substrate Microorganism Reference 

Glycolipid Vegetable Oils Tsukamurella sp 
Vollbrecht and 

Rau, 1999 

* Jet Oil Cladosporium resinae 
Muriel et al., 

1996 

Glycolipids Cheese Whey Lactobacillus strains 
Rodrigues et al., 

2006 

* Hydrocarbons Aeromonas spp Ilori et al., 2005 

Glycolipid Glycerol Pseudozyma antarctica 
Morita et al., 

2007 

Glycolipid Glycerol Pseudomonas aeruginosa 
Salazar-bryam et 

al., 2017 

Glycolipids Olive Oil Pseudomonas sp. 
Mercadé et al., 

1993 

Lipopeptides Sucrose Pseudomonas fluorescens 
Persson et al., 

1988 

Glycolipids 

Crude Oil, Olive Oil, 

Groundnut Oil, and Coconut 

Oil 

Pseudomonas putida 
Kannahi and 

Sherley, 2012 

Glycolipids Glycerol Pseudomonas stutzeri 
Putri and Hertadi, 

2015 

- Cassava flour wastewater Bacillus sp 
Nitschke and 

Pastore, 2003 

Lipopeptides Molasses Bacillus subtilis 
Makkar and 

Cameotra, 1997 

Lipopeptides Molasses and Whey 
Bacillus licheniformis, 

Bacillus subtilis 
Joshi et al., 2008b 

Lipopeptides Glucose Bacillus subtilis Joshi et al., 2008a 

* n-Hexadecane Rhodococcus ruber 
Kuyukina et al., 

2001 

Glycolipids Mihagol-S or L Rhodococcus erythropolis Kim et al., 1990 

* Diesel 
Rhodococcus ruber  

Rhodococcus erythropolis 
Bicca et al., 2012 

* Mannitol Rhodococcus spp. 
Mutalik et al., 

2008 

    

Polymeric 

Surfactants 
Cashew Apple Juice 

Acinetobacter 

calcoaceticus 
Rocha et al., 2006 

* Crude Oil Acinetobacter sp. Bao et al., 2014 
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Table 2.1 Production of biosurfactants using different strains and carbon sources 

(continuação) 

Type Substrate Microorganism Reference 

    

    

Phospholipids 

Crude Oil, Olive Oil, 

Groundnut Oil and Coconut 

Oil 

Aspergillus niger 
Kannahi and 

Sherley, 2012 

Glycolipoprotein 
Glucose, Paddy Straw, Olive 

Oil, Kerosene, Vegetable Oi 
Aspergillus ustus Kiran et al., 2009 

Phospholipids Wheat Bran Aspergillus sp. Colla et al., 2010 

Glycolipid Soybean Oil Candida antarctica 
Kitamoto et al., 

1993 

Glycolipid 
Vegetable Oil Refinery 

Residue 
Candida lipolytica 

Rufino et al., 

2007 

Sophorolipid Animal Fat Candida bombicola 
Deshpande and 

Daniels, 1995 

Sophorolipid 
Canola Oil with Glucose or 

Lactose 
Candida bombicola 

Zhou and 

Kosaric, 1995 

Glycolipids Canola Oil and Glucose Candida lipolytica 
Sarubbo et al., 

2007 

* type of biosurfactant not reported  

4.1. High molecular weight polymeric biosurfactants 

They are comprised of lipopolysaccharides, lipoproteins, polysaccharides, 

proteins, or a combination of these biomacromolecules (lipoheteropolysaccharides) 

(HAUSMANN; SYLDATK, 2014; RON; ROSENBERG, 2001; SMYTH et al., 2010b). 

They are generated by different species of Gram-positive, and Gram-negative bacteria 

and the most studied biosurfactants are biosynthesized by distinctive species of 

Acinetobacter (SMYTH et al., 2010b). These compounds have properties such as high 

viscosity, high tensile strength and are used in the pharmaceutical, cosmetic, and food 

industries (HAUSMANN; SYLDATK, 2014). For chemical and structural analysis 

possess a challenge due to their high molecular mass and structural complexity, making 

high molecular weight biosurfactants extremely complex to describe than lower 

molecular weight biosurfactants (SMYTH et al., 2010b). However, these compounds are 

more effective at covering oil droplets and avoiding their combination (RON; 

ROSENBERG, 2002). The best-studied polymeric biosurfactants are described below. 

4.1.1. Emulsan 

This biosurfactant is excreted to the ambient as an emulsan-protein compound to 

which the protein is covalently attached (Figure 2.3) (SAJNA et al., 2015a). Emulsan is 

produced by Acinetobacter calcoacetius (ROSENBERG et al., 1979) and was first 
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described in 1979 (ROSENBERG et al., 1979) as an amino sugar (d-galactosamine) and 

d-galactosaminouronic acid group. Emulsan is able to be applied in a variety of 

bioremediation procedure as soil cleanup to mud emulsification (SAJNA et al., 2015b).  

4.1.2. Liposan 

Liposan is produced from Candida lipolytica or Yarrowia lipolytica and is 

constituted of approximately 83% carbohydrate and 17% protein (SAJNA et al., 2015b). 

The carbohydrate part is defined as heteropolysaccharide comprising of galactosamine, 

galactose, galacturonic acid and glucose (DESAI; BANAT, 1997). Liposan has 

demonstrated effectiveness in reducing surface tension and emulsifying edible oils 

(DESAI; BANAT, 1997; SAJNA et al., 2015b).  

4.1.3. Alasan  

Alasan produced by Acinetobacter radioresistens is described as a compound 

mixture of alanine associated with heteropolysaccharide and protein. It has the capacity 

to stabilize an oil-water emulsion, including n-alkanes, alkyl aromatics, and crude oil 

(NAVON-VENEZIA et al., 1995). Alasan also makes more soluble in water and more 

biodegradable the polyaromatic hydrocarbons (BARKAY et al., 1999).  

4.1.4. Mannoprotein 

Mannoprotein was discovered as the most important cell wall compound of 

Saccharomyces cerevisiae and an effective bioemulsifier (CAMERON; COOPER; 

NEUFELD, 1988), containing 44% to 77% carbohydrate (mannan) and 17% to 23% 

protein (CAMERON; COOPER; NEUFELD, 1988). It has also been extracted from the 

cell walls of Kluyveromyces marxianus, with a composition of 90% carbohydrate and 4 

to 6% protein (LUKONDEH; ASHBOLT; ROGERS, 2003). Mannoprotein from 

Candida utilis has a carbohydrate content of over 80% (SHEPHERD et al., 1995). This 

biosurfactant has the capacity to stabilize kerosene-in-water emulsions, hydrocarbons, 

organic solvents, and waste cooking oil and its emulsification activity is not affected by 

extreme changes in pH (CAMERON; COOPER; NEUFELD, 1988; LUKONDEH; 

ASHBOLT; ROGERS, 2003). The bioemulsifier from Candida utilis  has been used in 

the food industry as salad dressings component (SHEPHERD et al., 1995) and the 
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bioemulsifier from Kluyveromyces marxianus has the potential of corn oil emulsification 

(LUKONDEH; ASHBOLT; ROGERS, 2003).  

4.2. Low molecular weight biosurfactants 

Low molecular weight biosurfactants groups of glycolipids, lipopeptides, free 

phospholipids and simple fatty acids (DESAI; BANAT, 1997; PIRÔLLO et al., 2008; 

SÁENZ-MARTA et al., 2015) that are efficient at lowering surface and interfacial tension 

(BANAT; MAKKAR; CAMEOTRA, 2000; HAUSMANN; SYLDATK, 2014).  

4.2.1. Fatty acids and phospholipids 

Free fatty acids or phospholipids are produced by bacteria and fungi develop on 

n-alkane (DESAI; BANAT, 1997). Fatty acids are found in natural fats and oils and 

compose membrane phospholipids and glycolipids, also they are constituents of long-

chain aliphatic carboxylic acid. Phospholipids are the principal portion of microbial 

membranes are lipids, comprising one or more phosphate groups, and are generally not 

involved in an extracellular type. (HAUSMANN; SYLDATK, 2014).  

4.2.2. Lipopeptides 

Lipopeptides are most known for their antibiotic characteristics. Surfactin (Figure 

2.3) formed by Bacillus subtilis is a cyclic lipopeptide, and its amphipathic nature may 

contribute to the formation of the ionic conductivity in membranes pores (GRAU et al., 

1999; PEYPOUX; BONMATIN; WALLACH, 1999). Surfactin consists of seven amino 

acids and different 3-hydroxyl fatty acids, the major constituent of which is 3-hydroxyl-

13-methyl-myristin (HAUSMANN; SYLDATK, 2014). Its addition to diesel-in-water 

systems enhances the biodegradation of diesel (WHANG et al., 2008).  

4.2.3. Glycolipids 

These complex are the arrangement of carbohydrates with long aliphatic acids 

chain or long hydroxyaliphatic acids chain (GAUTAM; TYAGI, 2006) and some 

attention has been given to them since many glycolipids are extremely efficient and 

possess great environmental degradability (HAUSMANN; SYLDATK, 2014; 

MULLIGAN, 2005). Glycolipids group is comprising by lipid moieties which forms the 

most important low molecular weight group and could be mono or oligosaccharides as 
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well. Glycolipids are divided into four important types of lipids, rhamnolipids, 

sophorolipids, trehalose and mannosylerythritol lipids (BANAT; MAKKAR; 

CAMEOTRA, 2000; DESAI; BANAT, 1997; HAUSMANN; SYLDATK, 2014; RON; 

ROSENBERG, 2001). 

Figure 2. 3 Molecular structure of the main biosurfactants (a) Sophorolipids, (b) Mannosylerythritol 

Lipids (MEL) (c) Emulsan (d) Surfactin (e) Rhamnolipids 

 

 

Rhamnolipids 

Pseudomonas aeruginosa is a Gram-negative non-sporulating bacterium 

(OLIVEIRA, 2010) that can produce rhamnolipids from alkanes, citrate, fatty acid, 

fructose, glycerol, glucose, mannitol, lignocelluloses, oils, succinate and pyruvate 

(HENKEL et al., 2012; ROBERT et al., 1989). Rhamnolipids are constituted of one or 

two rhamnose molecules combined to one or two ß-hydroxydecanoic acid molecules 

(Figure 2.3) (BANAT; MAKKAR; CAMEOTRA, 2000; DESAI; BANAT, 1997; 

HAUSMANN; SYLDATK, 2014), consisting mainly of mixture a mono- and di-

rhamnolipids combined to one or two molecules of β-hydroxyl-acid, such as RL1 

(Rha2C10C10), RL2 (RhaC10C10), RL3 (Rha2C10), and RL4 (RhaC10). The type and 

amount of rhamnolipids produced are closely linked to the strain, carbon source and 

cultivation conditions (DESAI; BANAT, 1997; GAUTAM; TYAGI, 2006; LOVAGLIO 

et al., 2014).  
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Sophorolipids 

These glycolipids composed of a dimeric carbohydrate sophorose connected to a 

long hydroxyl fatty acid chain through a glycosidic bond and are a mixture of distinct 

molecules with two main variations: acetylation in the sophorose (free acid form) and 

lactonization (Figure 2.3) (JIMÉNEZ-PEÑALVER et al., 2016). The fatty acid 

configuration and carbon chain length depending on the carbon source used (Rienzo et 

al., 2015a). Sophorolipds are produced by Candida bombicola, Candida apicola 

(SMYTH et al., 2010a), Starmerella bombicola (JIMÉNEZ-PEÑALVER et al., 2016), 

Cupriavidus necator, Bacillus subtilis, and Wickerhamiella domercqiae (CHEN et al., 

2006a). Some researchers state that these compounds have an antimicrobial effect against 

Gram-positive and Gram-negative bacteria (Rienzo et al., 2015) and the results of one 

study suggest that sophorolipids have anticancer activity (CHEN et al., 2006b).  

Trehalose lipids 

Trehalose was selected as a high purity degree compound in the lipidic membrane 

of Mycobacterium tuberculosis in the middle of 50's, this component has a significant 

virulence in mycobacterial contamination (NOLL et al., 1956). Trehalose lipids contain 

the disaccharide trehalose, which possesses an acyl group in the long α-branched 3-

hydroxyl fatty acids chain denominated mycol acids (HAUSMANN; SYLDATK, 2014). 

These compounds differ in size and structure depending on the producing organism 

(DESAI; BANAT, 1997). Trehalose lipids are biosynthesized by most species commonly 

associated with the mycolate group, such as Mycobacterium, Rhodococcus, Arthrobacter, 

Nocardia, and Gordonia (ASSELINEAU; ASSELINEAU, 1978; CHRISTOVA et al., 

2015). These compounds reduce the water surface tension from 72 to 24,1 mN m-1 and 

the tension at the hexadecane-in-water interface from 43 to between 1,7 mN m-1 

(TULEVA et al., 2009) and 5 mN m-1 (MARQUÉS et al., 2009) 

Mannosylerythritol lipids (MEL) 

The carbohydrate moiety of mannosylerythritol consists of β-D-mannopyranosyl-

(1,4)-O-meso-erythritol (Figure 2.3). Acetyl groups are the hydrophobic portion and are 

partly acetylated at C4 and/or C6 (KIM et al., 1999). The chain dimension of the acyl 

group change substantially, which leads to diverse acylation patterns (HAUSMANN; 
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SYLDATK, 2014). MEL A is the diacetylated composite; MEL B and MEL C are 

monacetylated at C6 and C4, correspondingly, and MEL D has a completely deacetylated 

structure (RAU et al., 2005). These compounds are secreted by species of the genus of 

yeasts Pseudozyma, such as P. rugulosa, P. aphidis, and P. antarctica (ARUTCHELVI 

et al., 2008; HAUSMANN; SYLDATK, 2014). A MEL biosurfactant reduced the water 

surface tension to 29 mN m-1, with a minimum interfacial tension of 0,1 mN m-1 against 

kerosene (KIM et al., 1999). Due to their properties, MEL biosurfactants are used in 

cosmetics (MORITA et al., 2013) and have been reported to cause the death of melanoma 

cells (FAN et al., 2016). 

4.3. Green chemistry allies: Biosurfactants 

Lima et al. (2011) used the synthetic surfactant Sodium Dodecyl Benzene 

Sulfonate (SDS) and the biosurfactants surfactin, iturin, fengycin, glycolipid, arthrofactin 

and flavolipids; as substrates by pure cultures of A. haemolyticus, A. baumanni and 

Pseudomonas sp. The biosurfactants had a higher degradation potential than the synthetic 

surfactant SDS, in the soil the mixed culture was able to use the biosurfactants as 

substrates, but they weren’t able to degrade the synthetic surfactant SDS, even after seven 

days of incubation. The authors concluded that biosurfactants exhibited stability in soil 

compatible with environmental applications and a capacity of degradation that would 

reduce the risk of their accumulation in the environment.  

Kim et al. (2002) compared the biodegradation rate and toxicity of 

Mannosylerythritol lipids (MEL), Sodium Dodecyl Benzene Sulfonate (SDS) and Linear 

alkylbenzene Sulfonate (LAS). MEL were immediately degraded by microorganisms in 

activated sludge, while LAS demonstrated a minor degradation rate, after 7 days. Mice 

fibroblast cells were utilized to measure the cytotoxicity; data show that MEL- are lesser 

toxic than the chemical surfactants, SDS and LAS, indicating that MEL were not toxic to 

human eyes and skin. 

Rhamnolipid were degraded quickly in loamy soil and red sandy soil during 

incubation for 7 days. It was noted a relatively slow degradation in the first 3 days (20%), 

followed by a great reduction in 7 days (92%) (XIAOHONG; XINHUA; LIXIANG, 

2009). Chrzanowski et al. (2012) demonstrated that in 7 days, after biodegradation tests, 

approximately 90% of rhamnolipids, under aerobic conditions, were quickly degraded by 

microorganisms. Also, rhamnolipid were found to be biodegradable under aerobic 
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conditions, with a soluble chemical oxygen demand removal efficiency of 74% after 10 

days and, whereas TritonX-100 was found to be biodegradable with a soluble chemical 

oxygen demand removal efficiency of 47,1% after 10 days at concentrations below 

900mg/L. (MOHAN; NAKHLA; YANFUL, 2006) 

Poremba et al. (1991) compared several synthetic surfactants, among them is 

cetyltrimethyl-ammoniumbromide and several biosurfactants, among them, is 

trehalosetetraester, rhamnolipids, sophorolipid, and emulsan. All tests were made using 

marine bacteria, biosurfactants were generally degraded faster than synthetic surfactants.  

Hirata et al. (2009) observed 61% biodegradability of sophorolipid after 8 days of 

cultivation. Chemicals analyzed can be described as “readily” biodegradable, when 

biodegradability (%) exceeds 60% within 28 days. According to this, sophorolipids can 

be considered as “readily” biodegradable chemicals. In contrast, Pluronic L31, an anionic 

surfactant, linear alkylbenzene sulphonate, showed little biodegradability. 

4.3.1. Toxicity 

Toxicity can be described as the ability of a substance to cause a prejudicial health 

effect on a living organism. It depends on the properties and concentration of the chemical 

to which the organism is exposed and on the exposure time. Santos et al. (2017) analyzed 

the toxicity of the biosurfactant from C. lipolytica on three vegetable species. The results 

indicated that even in the presence of high concentrations of the biosurfactants the seeds 

germination occurred, indicating the probability of applying the biosurfactant in soil 

remediation. 

The cytotoxicity of sophorolipids was examined and compared with the 

cytotoxicities surfactin, arthrofactin, Pluronic L31, polyoxyethylene lauryl ether, and 

SDS. Sophorolipids exhibited relatively lower cytotoxicity than surfactin, arthrofactin, 

polyoxyethylene lauryl ether and SDS (HIRATA et al., 2009). 

Campos et al. (2015) produced biosurfactants from Candida utilis  and added it to 

the diet of a group of rats for 21 days. Greater consumption was found of the experimental 

diet and no changes were found in the liver or kidneys of the animals, demonstrating the 

absence of a toxic effect from the biosurfactant. 

The toxicity of glycolipids produced by Rhodococcus species and the synthetic 

surfactant Tween-80 was evaluated using the Basic Test Microtox Toxicity. When 

compared on a toxicity per mass of Polycyclic Aromatic Hydrocarbons basis, after 16 
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days Tween80 system was approximately 50% more toxic than the biosurfactant system 

tested (KANGA et al., 1997). 

Franzetti et al. (2012)  synthesized bioemulsifiers from Variovorax paradoxus, 

and tested the acute toxicity on crustaceans, earthworm and Germination Indexes (GI) 

estimated from root elongation and seed germination. After 48h the experiments on 

crustaceans did not show any effect, with a 100% survival of the organisms. The GI did 

not expressively differed from their controls, both in the presence and in the absence of 

soil. For contact tests on earthworms, the survival was 100% after 48 h of contact with 

two different concentrations of the bioemulsifiers. Overall results, the authors concluded, 

that the use of a bioemulsifier solution at any concentration, in soil washing applications, 

would be environmentally safe.  

5. Nanoscale zero-valent iron in remediation  

Regulatory agencies are enthusiastic with regard to the environmental applications 

of metallic iron due to the low costs of its utilization (COOK, 2009; WEI-XIAN ZHANG, 

2003). The reactivity of nanoscale zero-valent iron (nZVI) in aqueous phase makes it an 

excellent reducing agent and, therefore, a functional remediation product (STURM; 

MORGAN, 1996). Zero-valent iron is usually used to build a high reactivity iron wall in 

the course of a polluted groundwater plume (EPA, 2007; WANG; ZHANG, 1997) (Figure 

2.4). To increase the reactive capacity of nZVI against chlorinated solvents, investigators 

coated Fe0 with metals, such as Cu, Pd, etc., resulting in bimetallic nanoparticles. 

Bimetallic particles based on iron can remove the chlorine in several several chlorinated 

aliphatic compounds and a mixture of polychlorinated biphenyls in aqueous phase more 

rapidly than monometallic nZVI (BARDOS et al., 2014; O’CARROLL et al., 2013; 

WANG; ZHANG, 1997; WEI-XIAN ZHANG, 2003), such as trichloroethylene in 

groundwater plumes (CHO; CHOI, 2010; EPA, 2007; HE; ZHAO, 2008; WANG; 

ZHANG, 1997), tetrachloroethene, and 1,1,1-trichloroethane (CHO; CHOI, 2010). 

However, studies have also used monometallic ZVI against vinyl chloride, 1,2-

dichloroethane (WEI et al., 2012), perchloroethylene (CHEN; HUANG; KUO, 2010), 

and 4-chlorophenol (DUTRA, 2015). In remediation, nZVI also decreases the generation 

of harm intermediate compounds during the degradation of some chlorinated solvents 

(BARDOS et al., 2014).  
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Figure 2. 4 Application of nZVI for in situ remediation. 

 

Source: JANG; LIM; HWANG, 2014 

Iron nanoparticles were shown to be effective at dyes reduction, such as methylene 

blue (VIEIRA; MOREIRA; PETERSON, 2015), and heavy metals, such as uranium 

(CRANE et al., 2011). According to Sun et al. (2007), nZVI has a core-shell arrangement, 

resulting in an extraordinary abilities for concurrent sorption and the reductive 

precipitation of metal ions, such as Zn(II), Cd(II), Pb(II), Ni(II), Cu(II), and Ag(I) as well 

as the reduction of Cr(VI) and Pb(II) (Ponder et al. 2000), As(III) (KANEL et al., 2005, 

2007) and As (V) (JEGADEESAN; MONDAL; LALVANI, 2005). crude biosurfactants 

produced by Bacillus sp have been used along with nZVI for soil washing, with a 90% 

removal rate of polychlorinated biphenyls, which indicates that soil remediation can be 

enhanced by biosurfactants (Zhang et al., 2016).
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Table 2. 2 Remediation applications for most common pollutants 

Nanoparticle type 
Target 

contaminants 
Remediation strategy Main conclusions Reference 

nZVI Nitrate 
Aging of nZVI and 

concentration 

The efficiency of nZVI is reduced with the aging of the nanoparticle 

After agglomeration of the nanoparticles, the reaction rate falls by 50%, but it is still larger 

than the commercial grade micro- or milli-sized iron compound 

SOHN et al., 2006 

Bentonite-nZVI  Cr(VI) 

Cr(VI) concentration., pH, 

temperature, b-nZVI 

loading, regeneration of b-

nZVI 

The nZVI had a reduction of agglomeration and consequently increase in the specific surface 

The Bentonite-nZVI showed high efficiency in removal of Cr, Pb and Cu (> 90%) being 

affected when washed by ethylenediaminetetraacetic acid reducing its action (about 70%). 

SHI; ZHANG; 

CHEN, 2011 

nZVI 
Trichloroethylene 

(TCE) 

Natural organic matter 

(NOM) 

The nZVI agglomerates and precipitates after 1 h of the experiment 

The NOM proved to be a stabilizer for nZVI particles but also reduces its reactivity with TCE 
CHEN et al., 2011 

nZVI 

1,1,1,2-

Tetrachloroethane 

(1,1,1,2- TeCA), 

Cr(VI) 

Aging of nZVI and 

concentration 

95% 1,1,1,2- TeCA reduction in Cl-, SO4
2-, and ClO4

- suspensions over 1 mo 

Cr(VI) removal capacities exhibited a pH dependence 

XIE; CWIERTNY, 

2012 

nZVI, amphiphilic 

polysiloxane graft 

copolymers 

(APGC) 

Trichloroethylene 

(TCE) 
Coating types 

The coating of nZVI with, APGC shows an increase in the degradation of TCE relative to the 

bare application of the nanoparticle 

The nZVI was active for 6 months when coated with APGC 

KRAJANGPAN et 

al., 2012 

nZVI and Sodium 

dodecyl sulfate 

(SDS) 

Polycyclic aromatic 

hydrocarbon (PAHs) 

-polluted soil 

nZVI were used as activators 

of ferric, ferrous sulfate salts 

(1–5 mmol·L− 1) 

Near 100% were achieved when nZVI was used PELUFFO et al., 2016 

nZVI 
Perchloroethylen 

(PCE) 

Sensibility of typical 

groundwater flow velocity 

Reactivity of nZVI increased linearly with nZVI concentration above 10 g/L, but was non-

linear below 10 g/L. 

The nZVI reacting with PCE is more sensitive to change in redox potential than the pH of the 

solution 

The reduction of pH increases more H2 production than the PCE reaction 

KIM et al., 2017 

nZVI-cement 

slurries 
Uranium 

Oxic/anoxic, nanoparticle 

types 

nZVI showed higher U(VI) removal than other Fe(II)-containing minerals in the matrix. 

The NZVI suspension without cement demonstrated high removal efficiency (100% in 2 h) 

and fast removal kinetics (53.7 Lm−2d−1) 

SIHN; BAE; LEE, 

2019 

..
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O’Carroll et al. (2013) grouped the main removal process for the common 

inorganic pollutants into five categories: reduction, adsorption, oxidation/reoxidation, co-

precipitation, and precipitation (Figure 2.5). 

Figure 2. 5 The core consists of principally zero-valent iron and supplies force for the reducing reactions 

with pollutants. The shell is mostly iron oxides/hydroxides created by the oxidation of zero-valent iron 

and it supplies sites for chemical reduction reaction. 

 

Source: LI; ELLIOTT; ZHANG, 2006 

5.1. Fe Toxicity 

Primarily soil organisms, including earthworms and plants, will be more exposed 

to nZVI and its by-products (Fe2+ ans Fe3+), at least around the bioremediation areas. 

However, there are only a very limited number of studies investigating the effects of nZVI 

on terrestrial organisms (eg earthworms, invertebrates and plants) and their range at 

trophic levels. (FAJARDO et al., 2013; SACCÀ et al., 2014a, 2014b) 

Iron toxicity depends on binding, state, concentration, size and surface properties 

of the particles. It may also have different results according to the experimental method 

used, including the research subjects species investigated. In addition, the fluid dynamics 

in the environment of soluble Fe ions are complex and dependent on exposure and 

conditions. To date, field-scale data are graphs and short-term studies have been 

conducted and only transmission methods have been published in the literature. 

(CHANG; KANG, 2009; LIN; CHANG; CHUANG, 2008; SHI; ZHANG; CHEN, 2011) 

In terrestrial organisms, high iron levels, both Fe2+ and Fe3+ can induce the 

expression of antioxidant genes. Although it appears that high iron concentration (> 1,5 

mmol/L) rarely occurs naturally, but it occurs easily in the iron mining area, feed with 
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mineral imbalance or areas of Fe0 bioremediation.(CHAMNONGPOL et al., 2002; HE et 

al., 2008) 

Iron form and concentration have different effects on iron uptake and toxicity to 

cells, and that the toxicological effects of Fe 2+ cells are higher than Fe 3+ cells. Fe 2+ may 

alter cell membrane stability and penetrability, resulting in higher lactate dehydrogenase 

release levels at the same Fe 3+ concentration level. (CHAMNONGPOL et al., 2002; HE 

et al., 2008) 

Like other organisms, the potential toxic impacts of Fe0 on microorganisms have 

been extensively studied. Several studies have shown that the application of Fe0 is toxic 

to microorganisms such as Bacillus cereus, Pseudomonas stutzeri and Escherichia coli 

(AUFFAN et al., 2008; LEE et al., 2008; SACCÀ et al., 2014a). However, the mode of 

action of Fe0 toxicity, as well as in terrestrial organisms, indicates that through oxidative 

stress and the generation of reactive species between Fe0 ion and oxygen (ROS) that 

causes oxidative damage to cells via lipid peroxidation and oxidation of thiol groups in 

proteins and DNA. The toxicity of Fe0 under oxygen conditions is significantly lower 

than under anoxic conditions, which is related to the formation of an iron oxide layer 

resulting from surface oxidation of agglomerated particles. Li et al. (2010) and Qiu et al. 

(2013) which showed a decrease in bactericidal effects through the oxidation of Fe0 under 

aerobic conditions. 

6. Biosurfactants and Nanoscale zero-valent iron: state of art 

Studies involving nZVI and biosurfactants that can be found in the literature are 

scarce, only seven scientific articles between 2010 and 2017 regarding this topic were 

published, according to SCOPUS records. Of these, no article correlates the use of 

biosurfactant as a stabilizing agent of bare nZVI, but rather, the use of Pd-nZVI and 

biosurfactant as transport agent or stabilizer.  

The aggregates size and surface charge of the bare and stabilized nZVI with 

carboxymethyl cellulose was examined over the influence of water chemistry, fulvic acids 

and rhamnolipids. The lowest deposition rate for nZVI was observed when nZVI were 

coated with carboxymethyl cellulose and suspended in a rhamnolipid solution (Fatisson 

et al., 2010). 

The agglomeration tendency and transport properties of bare and modified Pd-

NZVI when in the presence of carboxymethyl cellulose, rhamnolipid, and soy protein was 
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analyzed by Basnet et al., (2013). The authors conclude that the use of biomolecules such 

as rhamnolipids in concentrations significantly minor than those of other frequently used 

polymers may enhance the transportability of these nanoparticles for application in 

subsurface remediation. 

In a study using as surface modifiers of Pd-nZVI, Carboxymethylcellulose, 

soybean flour, and rhamnolipid biosurfactant, results show that growth in fluid ionic 

strengths consequently conducts in reduced Pd-nZVI transport. Experiments conducted 

at a major concentration of Pd-nZVI particle, showed that rhamnolipid and 

carboxymethyl cellulose are powerful stabilizing promoter (BASNET et al., 2015). 

Bhattacharjee et al., (2016) investigated the effects of coating Pd-nZVI with 

rhamnolipid and carboxymethyl cellulose on trichloroethene degradation. Rhamnolipid 

loadings inhibited deposition of palladium and decreased the trichloroethene degradation 

reaction Rate, in contrast, carboxymethyl cellulose had no effect on reactivity.  

Bhattacharjee and Ghoshal (2016) showed that the Pd-coated NZVI rhamnolipids 

when reacted with trichloroethene results in benign end products by aqueous phase 

reactions and thus more degradation mass trichloroethene. 

Zhang et al., (2016), developed a method to remove PCBs from soil using nZVI 

followed by the biosurfactant which was applied for soil washing. The study suggests a 

promising technology for PCB-contaminated soil remediation using nZVI and 

biosurfactant as a washing agent. 

In a recent study Sun et al., (2017), a zero-valent iron/activated carbon was 

coupled with electrokinetic enhanced by surfactant to treat phenanthrene and 2,4,6- 

trichlorophenol. Rhamnolipid was chosen as a solubility improving agent. This study 

indicates that desorption and mobility of phenanthrene and 2,4,6- trichlorophenol 

improved with the enhancement of rhamnolipid concentration above the critical micelle 

concentration. 

7. Future research needs 

The green stabilization of nZVI methodology has some restrictions and this 

review reveals its limitations in knowledge and the needs for further research. Although 

there are researches about eco-friendly stabilizers, the use of carboxymethyl cellulose is 

frequently applied and it’s a promising green stabilizer of iron nanoparticles. Studies are 

needed to apply other friendly environmental products as biosurfactants, there is a variety 
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of them and those could be produced from a range of sources. Also, they are promising 

molecules with the potential to replace chemical surfactants, in spite of the fact that they 

are widely used for the stabilization of other metallic nanoparticles, they have not been 

studied with bare nZVI yet. Investigations of the long-term stabilization of nanoparticles 

in processes of in situ remediations are also needed.  

8. Conclusion 

Nanotechnology is one of the industry's most promising and growing sectors. A 

large number of nanomaterials are currently available for a diverse range of applications. 

A progressive set of theoretical and empirical evidence has confirmed that nanoscale 

zero-valent iron (nZVI) is extremely capable and useful for the management of 

contaminated water and soil. However, barriers remain in regard to green stabilization, 

the variety of chemical stabilization techniques available in the literature has led to the 

need of further empirical testing for the determination of the effectiveness of the green 

chemical technology and the optimization of the design process.  

On most occasions where some toxicity is seen with the use of Fe0 in 

bioremediation, it is due to the high reactivity of the nanoparticle, which, instead of 

binding to the pollutant to be treated, binds to the oxygen, thus creating an ion many times 

a compound as toxic or even more so than the objective pollutant. In this way, the 

stabilization of the nanoparticle of Fe0 is shown to be fundamental through a coadjuvant 

that is effective and efficient as to the usability, as well as the low aggressiveness and 

danger to the environment. 

Attention has been deposited on methods to enhance colloidal particle stability 

(electrostatic repulsion, steric stabilization, electrosteric stabilization, and network 

stabilization) and environmental applications. However, apparently, there has been little 

attention given to the technique of particle stabilization using biosurfactants, which can 

be a valuable alternative for the preparation of nZVI and represent a major step toward 

field applications and in situ remediation technology. Such evidence is needed for the 

successful establishment of this technology as a tool alongside more conventional 

methods for the remediation of contaminated soil and water. 
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3. Experimental design to improve crude glycerol consumption and 

rhamnolipids production 

Abstract 

Crude glycerol is the primary byproduct of the transesterification process in a biodiesel 

plant and it is widely used as substrate for biosurfactant production. Rhamnolipid are 

biosurfactants which have been intensively investigated and extensively reviewed, they 

can be produced by Pseudomonas aeruginosa from many carbohydrate substrates 

including alkanes, glycerol, glucose, etc. In the present study, central composite rotational 

design (CCRD) and response surface method (RSM) were employed to screen and 

optimize concentrations of initial concentration of glycerol pro-analysis and temperature 

to increase rhamnolipids yield and lower the glycerol remaining in the medium. After the 

optimization using glycerol pro-analysis, the conditions were applied using crude 

glycerol, in order to evaluate the possibility of the use of crude glycerol as a carbon 

source. The RSM methodology indicated the viability of the use of crude glycerol, 

reaching a production of 2,63 g/L of biosurfactant and total depletion of carbon source, 

against 1,67 g/L of rhamnolipids and 2,67 g/L of remaining glycerol, both at optimized 

medium containing 25 g/L of initial carbon source at 32 °C. The viability of the use of 

crude glycerol as a carbon source for a high yield and cheap alternative for the production 

of rhamnolipids was demonstrated. 

 

Key words: rhamnolipids, glycerol, experimental design, response surface method. 

1. Introduction 

Biodiesel is mainly produced by the transesterification of animal fats or vegetable 

oils (NANDA et al., 2014). Crude glycerol is the primary byproduct of the 

transesterification process in a biodiesel plant, between oils or fats (triglycerides) and an 

alcohol (usually methanol). The feedstocks usually are pure vegetable oil (e.g., soybean, 

rapseed, sunflower), rendered animal fats, or waste vegetable oils. The theoretical ratio 

of methanol to triglyceride is 3:1; one methanol molecule for each of the three 

hydrocarbon chains and is equivalent to approximately 12% methanol by volume. (ZHOU 

et al., 2008). 

The industrial conversion of renewable resources into useful compounds has 

received much attention from the environmental point of view; the use of crude glycerol 

is becoming a very important issue, due to the increasing production of biodiesel 

(EASTERLING et al., 2009; MORITA et al., 2007). However, glycerol may contain 

various types of impurities such as methanol, salts, soaps, heavy metals, and residual fatty 

acids (DA COSTA CORREIA et al., 2011; PAGLIARO; ROSSI, 2010). In this scenario, 
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glycerol is widely used as substrate for rhamnolipid production (SYLDATK et al., 1985), 

the bioconversion of Glycerol adds expressive value of the biodiesel industry (DA 

SILVA; MACK; CONTIERO, 2009). 

Surfactants constitute an important class of industrial chemicals widely used in 

almost every sector of modern industry. They are amphiphilic molecules with both 

hydrophilic and hydrophobic moieties that partition preferentially at the interface between 

fluid phases with different degrees of polarity and hydrogen bonding such as oil/water or 

air/water interfaces (BANAT; MAKKAR; CAMEOTRA, 2000). Nevertheless, some of 

the surfactants are only slowly or partially biodegradable contributing to environmental 

impact (HAUSMANN; SYLDATK, 2014). 

Biosurfactants can potentially replace virtually any synthetic (REIS et al., 2013; 

SÁENZ-MARTA et al., 2015). They are extracellular compounds produced by microbes 

such as by bacteria, yeast, and filamentous fungi grown on different carbon sources 

containing hydrophobic/hydrophilic substrates (LOVAGLIO et al., 2015; NITSCHKE et 

al., 2005; PIRÔLLO et al., 2008; THAVASI, 2011). The biosurfactants have a wide 

variety of chemical structures and surface properties (MULLIGAN; GIBBS, 2004; RON; 

ROSENBERG, 2001), among them, rhamnolipids have been intensively investigated and 

extensively reviewed (MAIER; SOBERÓN-CHÁVEZ, 2000; NITSCHKE; COSTA; 

CONTIERO, 2005; OCHSNER; HEMBACH; FIECHTER, 1996). They can be produced 

by Pseudomonas aeruginosa from substrates including alkanes, succinate, pyruvate, 

citrate, fructose, glycerol, olive oil, glucose and mannitol (ROBERT et al., 1989). 

Successful production of biosurfactants depends on development of cheaper 

processes and the use of renewable materials and low cost (MAKKAR; CAMEOTRA, 

1997). Reduction of production costs is, therefore, necessary to establish microbial 

surfactants as a general alternative. The high cost of production due to the use of 

expensive substrates which account for the 10–30% of the overall costs and inefficient 

methods of culture or purification, have prevented their widespread use (HEYD et al., 

2008; PARRA et al., 1989). 

A classical method for design optimization is the central composite rotational 

design (CCRD) with response surface methodology (RSM), which examines the 

relationship between one or more response variables and set of quantitative experimental 

factors (KIM; KIM, 2013). The design was set to provide the best temperature and initial 

concentration of glycerol pro-analysis; the selected parameters are further tested and 

compared with crude glycerol, to evaluate the viability of the use of this co-product of 
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biodiesel production as a carbon source. Thus, the aim of this study was to optimize the 

conditions of the concentration of initial carbon source and temperature using CCRD and 

RSM, to improve rhamnolipids production from P. aeruginosa LBI 2A1 combined with 

a decrease of the remaining concentration of the carbon source in the culture medium. 

2. Materials and methods 

2.1. Materials 

All the reagents were of the highest purity available. To experimental design was 

used glycerol pro-analysis. 

2.2. Raw material 

The crude glycerol used in this work is a co-product of biodiesel production, 

which was provided by Biocapital Consultoria Empresarial e Participações S.A. (São 

Paulo, Brazil). Two different types of glycerol were provided, a glycerol free of salts 

(GFS), with 75.6% of purity and a glycerol bi-distilled (GBd), with 99% of purity. They 

were used to compare their performance with glycerol pro-analysis after the optimized 

conditions were set. 

2.3. Microorganisms 

The strain used was Pseudomonas aeruginosa LBI 2A1 at pH 7 according to 

previously performed tests (Annex A). The strain of Pseudomonas aeruginosa LBI 2A1 

was obtained in a previous work as a part of a doctoral thesis by random transposon 

mutagenesis (LOVAGLIO, 2011). The strain was maintained in nutrient broth plus 20% 

glycerol at −20 °C 

2.4. Media 

The seed culture is a Ca-free mineral salt solution (modified from MÜLLER et 

al., 2011) with 1,5 g/L NaNO3, 0,05 g/LMgSO4.7H2O, and 0,1g/LKCl, containing a 0,1M 

sodium phosphate buffer at pH 6,5. The production medium, a Ca-free salt solution with 

0,3g/L K2HPO4 15 g/L NaNO3, 0,5 g/L MgSO4.7H2O, and 1 g/L KCl, the pH of the 

medium was adjusted to 7. Trace element solution in concentration of 1ml/L (2,0g/L 

sodium citrate 2H2O, 0,28 g/L FeCl3.6H2O, 0,87 g/L ZnSO4.7H2O, 1,2 g/L CoCl2.6H2O, 
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1,2 g/L CuSO4.5H2O, and 0,8 g/L MnSO4.H2O was added to both seed and production 

media. 

2.5. Preparation of production medium 

For pre-culture, the microorganism was firstly transferred into 25 mL nutrient 

broth and after 24h was transferred to the seed culture. An erlenmeyer with 100 mL of 

seed culture medium was inoculated with 1% of nutrient broth and 1% of carbon source 

(w/v) on shaker for 48 hours at 180 rpm and 37°C. The production medium was incubed 

in 200 mL containing 2% (w/v) of glycerol and optical density of 0,08 in the aqueous 

phase at the start The culture was incubated on shaker for 96 hours at 200 rpm. Samples 

of 5mL were collected every 24 hours. 

2.6. Sample and processing 

Samples were taken every 24 hours for analysis of biomass, glycerol and 

rhamnolipids. The biomass was quantified by gravimetric method, cells were separated 

by centrifugation at 12000 rpm for 30 min at 4°C, and the cell pellet was washed and 

dried until constant weight. Rhamnolipids were extracted twice from the aqueous phase 

with ethyl acetate 1:1,25 (v/v) after pH was adjusting about to 2-3 with a solution of 85% 

H3PO4 1:100 (v/v). The mixture was centrifuged at 10000 rpm for 15 min.  

For rhamnolipids determination in HPLC, phenacyl esters of rhamnolipids were 

synthetized as described before by Schenk et al. (1995). HPLC analysis was performed 

in a Shimadzu HPLC instrument coupled with a UV detector system. A reverse phase 

column (Shim-packVP-ODS, Shimadzu − 150 mm×0,46 mm, 5 μm silicagel) was used 

at 30°C. Rhamnolipid quantification was done as described before (HÖRMANN et al., 

2010; MÜLLER et al., 2010).  

The quantification of glycerol using HPLC was carried out as described Mcginley; 

Mott (2007), with minor modifications. The analysis was performed in a Shimadzu HPLC 

instrument coupled with a refractive index detector system. A Rezex ROA (Phenomenex, 

30017×7,8 mm) column was used, at 65°C. 

2.7. Experimental design through central composite rotatable design (CCRD) 

A CCRD design was used to determine the effects and interactions of 

independents factors in rhamnolipids production by P. aeruginosa LBI 2A1, as well as 
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the interactions between them, on surface tension as response variable. The initial 

concentration of glycerol (X1) and temperature (X2) were the independent variables each 

at five coded values (-1.41, -1, 0, +1, +1.41) and the rhamnolipids concentration was the 

response variable. In this design, a total of 11 experiments was performed, with three 

replicates at the central points. The coded values for the independents factors are given in 

Table 3.1. 

Table 3. 1 Real and coded values of independents variables for the central composite rotational design. 

Coded Values -1.41 -1 0 +1 +1.41 

X1 18,75 25 75 50 82,5 

X2 30 32 37 42 44 
Initial Glycerol (g/L): X1; Temperature (°C): X2 

 

2.8. Statistical Analysis 

The experiments were carried out in triplicate only in the central point, and data 

were expressed as the mean values. Analysis of variance (ANOVA) for the obtained 

results was realized, and p-values less than 5% were considered statistically significant. 

Statistica program, version 10.0 (USA) was employed for experimental design, ANOVA 

and process optimization. 

2.9. Verification experiments 

Experiments were done to confirm the validity of the results of the optimization 

experiment by setting up rhamnolipids production in the optimized conditions. The 

medium had the same composition as that described in Materials and Methods (Section 

2.4) with glycerol concentration and temperature in accordance with the optimized 

conditions. 

3. Results and Discussion 

3.1. Central composite rotatable design 

The experimental design and the experimental results matrix of CCRD for the 

effects of concentration of glycerol and temperature on rhamnolipids production, glycerol 

consumption and biomass growth are shown in Table 3.2. Results showed that the highest 

biosurfactant concentration and the lower remain concentration of glycerol in the media 

was 1,46 g/L and 2,89g/L, respectively, and with a final biomass of 5,22 g/L, from run 1 
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(25g/L of glycerol at 32°C). In contrast, in run 10 (50g/L of glycerol at 30°C) was 

obtained the same rhamnolipids concentration (1,46 g/L), but a final glycerol 

concentration of 32,63 g/L and 5,22 g/L of biomass. The maximal product yields on 

substrate (YP/S) and biomass (YP/X) were obtained in run 1, with 25 g/L of initial glycerol 

at 32 °C with yields of 0,28 (YP/S) and 0,51 (YP/X). 

 

Table 3. 2 Planning matrix for central composite rotational design and experimental results 

Runs 

Initial 

Glycerol 

(g/L) 

Temperature (°C) Rhamnolipids (g/L) 
Glycerol 

Remain (g/L) 
Biomass (g/L) 

1 25 32 1,46 2,89 5,22 

2 75 32 0,92 24,49 6,86 

3 25 42 0,41 23,85 4,32 

4 75 42 0,09 34,93 5,08 

5 18.75 37 0,91 3,96 5,9 

6 82.5 37 0,03 20,59 4,16 

7 50 30 1,46 32,63 5,96 

8 50 44 0,17 50,70 6,86 

9 50 37 0,11 43,40 5,16 

10 50 37 0,05 37,87 4,62 

11 50 37 0,05 42,25 5,1 

 

3.2. Regression model for rhamnolipids (Y1) 

Table 3.3 recapitulates the ANOVA summary for response surface quadratic 

models obtained with these designed experiments. The ANOVA indicates the model is 

highly significant (P=0,000), the linear and quadratic terms of initial glycerol (X1) and 

temperature (X2) are statistically significant, since the respective values of confidence 

level were less than 0,05 (P<0,05). The interaction between initial glycerol and 

temperature did not have statistical significance for the prediction model.  
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Table 3. 3 Analysis of variance for response surface quadratic model regarding rhamnolipids. 

Source of variation Sum of squares Degree of freedom Mean square F value P valueb 

X1(L)c 0,568 1 0,568 74,276 0,000 

X1
2(Q)d 0,274 1 0,274 35,871 0,002 

X2(L) 1,724 1 1,724 225,431 0,000 

X2
2(Q) 0,827 1 0,827 108,119 0,000 

X1* X2 0,012 1 0,012 1,554 0,268 

Error 0,038 5 0,008   

Total Sum 3,249 10    
a R2, 0,9882; adjusted R2 = 0,9765 

b p ≤ 0,05–significant at 5% level. 

c (L), linear effect 

d (Q), quadratic effect 

 

The significance of a model is given by the coefficient of determination R2 which 

corresponds in percentage the variations in the response that can be explained by 

independent factors and their interactions. The fit of the model and the relatively small 

value of the experimental error ensure that a good prediction model was obtained. The 

linear regression coefficient of determination, adjusted R2 of 97,65%, indicates that the 

model equation (Equation 3.1), suggesting that only 2,36% of the variability in 

biosurfactant responses could not be explained by it. 

 

Y1=26,85 – 0,85X1 + 0,06X1
2 – 1,25X2 + 0,015X2

2 + 0,005X1X2 (3.1) 

 

A plot of observed rhamnolipids concentrations against predicted concentrations 

determined by the model equation (1) is presented in Figure 3.1. Values were distributed 

near the straight line, indicating that such values were very close to the predicted values 

R2 = 0,9883 (unadjusted). Confirming that the model is suitable for the prediction of 

rhamnolipid production under the experimental conditions. 
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Figure 3. 1 Experimental rhamnolipids concentration plotted against rhamnolipids concentration predicted by the 

fitted model 

 

3.3. Regression model for initial glycerol (Y2) 

The ANOVA (Table 3.4) indicates the model is significant, in the linear and 

quadratic terms of initial glycerol (X1) and in linear terms of temperature (X2), since the 

respective values of confidence level were less than 0,05. The quadratic term of 

temperature and the interaction between initial glycerol and temperature did not have 

statistical significance for the prediction model. The model equation, is therefore 

presented as equation 2 below. 

 

Y2=156,02+4,07X1 0,029X1
2 + 3,30X2 – 0,011X2

2 – 0,021X1X2 (3.2) 

 

The coefficient of determination, adjusted R2 of 97,61%, indicates that the model 

(Equation 2) has an adequate fit, suggesting that 2,39% of the variability in glycerol 

remain concentration responses could not be explained by the model. 
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Table 3. 4 Analysis of variance for response surface quadratic model regarding glycerol remaining 

Source of variation Sum of squares Degree of freedom Mean square F value P valueb 

X1(L)c 447,07 1 447,07 77,69 0,000312 

X1
2(Q)d 1482,19 1 1482,18 257,57 0,000017 

X2(L) 406,11 1 406,11 70,57 0,000392 

X2
2(Q) 0,431 1 0,431 0,075 0,795314 

X1* X2 27,66 1 27,66 4,81 0,079866 

Error 28,77 5 5,76   

Total Sum 2407,43 10    
a R2, 0,98805; adjusted R2 = 0,9761 

b p ≤ 0,05–significant at 5% level. 

c (L), linear effect 

d (Q), quadratic effect 

 

The plot of experimental against predicted glycerol remaining responses is 

presented as Figure 3.2 and presents a coefficient of determination, R2 of 0,988, which is 

in agreement with the R2 noticed for the model in ANOVA analysis. 

 

Figure 3. 2 Experimental glycerol remaining concentration plotted against glycerol remaining 

concentration predicted by the fitted 

 

3.4. Surface response method (RSM) for rhamnolipids (X1) and initial glycerol 

(X2) concentrations 

Surface response plots (Figure 3.3) were made with the X axis representing initial 

glycerol (X1) and Y axis representing temperature (X2) and Z axis representing 

rhamnolipids or glycerol remaining concentration. The plots led to maximal rhamnolipids 

concentration with initial glycerol in the range of 10-25 g/L and temperature about 28 °C 

and 32 °C. On the contrary, for glycerol remaining it’s interesting for this study the lower 

concentration or no residue remaining in the media (green zone). The contour and surface 



100 

 

plots reveal that the lower concentration of glycerol remaining would be achieved under 

the same conditions for maximal rhamnolipids concentration. Moreover, according to the 

results, concentrations above 40 g/L begin to limit the production of rhamnolipids. 

 

Figure 3. 3 Response surface curve of interaction of initial glycerol and 

temperature (a) rhamnolipids; (b) glycerol remaining 

 

(a) 

 

(b) 
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The observed data are in accordance with what is found in the literature, according 

to Syldatk et al., (1985), the optimum range of production of rhamnolipids using glycerol 

as the carbon source is 27 °C to 37 °C. Putri; Hertadi (2015) using Pseudomonas stutzeri 

found the best temperature at 37 °C with 37,5 g/L of glycerol. Silva et al. (2010) 

determined in their experiments using P. aeruginosa that the best temperature is 28 °C 

and 37,5 g/L glycerol. Wu et al. (2008) determined that for the temperature of 37 °C. the 

ideal concentration of glycerol is 18,1 g / L.  

3.5. Validation tests 

For situations where is desired a low glycerol remaining in the culture media and 

a high production of rhamnolipids, the conditions were set according with was observed 

in contour and surface plot 10 g/L of initial glycerol and 28 °C. In order to evaluate the 

performance of the P. aeruginosa LBI 2A1 in raw glycerol, experiments were conducted 

for further comparison (Table 3.5), under conditions of 25 g/L of remaining glycerol at 

32 °C and 10 g/L of remaining glycerol at 28 °C. For a better comparison, the glycerol 

tests were repeat, under the same conditions. 

 

Table 3. 5 Planning matrix for validation of optmization design and experimental results 

 

Initial 

Concentration 

(g/L) 

Temperature 

(°C) 

Rhamnolipids 

(g/L) 

Glycerol 

remaining (g/L) 

 

Biomass (g/L) 

Glycerol 10 28 1,312 2,915 3,62 

Glycerol 25 32 1,677 2,67 4,14 

GFS1 10 28 1,532 0 2 

GFS1 25 32 2,683 0 2,88 

GBd2 10 28 0,819 5,54 4,26 

GBd2 25 32 2,888 21,885 4 
1GFS:Glycerol Free of Salts 

2GBd: Glycerol Bi-distilled 

 

Comparing the tests using glycerol pro-analysis the change of temperature and 

initial concentration of glycerol did not affect significantly the production of 

rhamnolipids or the remaining glycerol concentration. However, when the assays are 

conducted with crude glycerol, an improvement in the concentration of rhamnolipids is 

observed. Regarding to yields, for GFS the high product yields on substrate (YP/s) is 0,93 

and biomass (YP/x) can’t be calculated. On the other hand, GBd presents a better 
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production of rhamnolipids but a worst consumption of glycerol, leading to a yields of 

0,72 (YP/x) and 0,131 (YP/s). 

The data are consistent with those found by Salazar-Bryam; Lovaglio; Contiero 

(2017), however in this study it was possible to use half of the source used by Salazar-

Bryam and obtain the same concentration of rhamnolipids. GFS glycerol proves to be a 

source of carbon which leads to increased production of rhamnolipids, completely 

reducing the concentration of glycerol in the culture medium. Impurities in biodiesel-

derived glycerol may serve as additional nutrients to the P. aeruginosa. Verhoef et al. 

(2014) and Fu et al. (2015) observed that glycerol derived from biodiesel could potentially 

serve as additional carbon and micronutrients for cultures without adding a trace element 

solution. 

Crude glycerol GBd had a better performance when promoting the production of 

rhamnolipids in the culture medium, presenting the highest concentration of 2,88 g / L, 

however, the consumption of glycerol by the bacteria is very low and it is not a viable 

solution. 

Experiments using raw glycerol as carbon source and P. aeruginosa were done by 

Da Costa Correia et al. (2011), the authors concluded that for a higher concentration of 

rhamnolipids the best temperature is at 37 °C with initial concentration of crude glycerol 

of 18g / L. On the other hand, Eraqi et al. (2016) concluded that for the same temperature 

of 37 °C the best initial concentration is 12,5 g / L. 

4. Conclusion 

This study demonstrated the effectiveness of using a central composite rotatable 

design to identify the optimum conditions of the culture medium for the production of 

rhamnolipids from P. aeruginosa LBI 2A1. Careful adjustment of the individual factors 

followed by contour surface response can lead to optimization of production conditions 

to appropriate levels.  The production of rhamnolipids by P. aeruginosa LBI 2A1 varied 

depending on the raw material used, glycerol free of salts is the best source of carbon and 

nutrients for growth and production of biosurfactants. The best concentration of 

rhamnolipids and yields were 2,683 g/L and YP/s = 0,93 g/g achieved when the experiment 

was conducted using 25g/L of glycerol GFS at 32 °C. The viability of the use of industrial 

and agricultural wastes has proved to be an important tool for a high yield and cheap 

alternative for the production of rhamnolipids due to the growing demand for biodiesel 

in the world. 
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4. Rhamnolipids as green stabilizer of nZVI and its application 

on nitrate removal in simulated groundwater 

Abstract  

This study investigated the influence of the biosurfactant rhamnolipid on the aggregation 

of nZVI (nanoscale zero-valent iron) and its efficiency in nitrate reduction in simulated 

groundwater under anaerobic conditions at pH 4. The iron nanoparticles were synthesized 

by the chemical reduction of ferric ions with sodium borohydride. Two methodologies 

were tested: (i) adding rhamnolipids during the chemical synthesis and (ii) adding after 

the synthesis. Scanning field emission gun (FEGSEM), X-ray diffraction (XRD), Fourier 

transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA, DTA), 

hydrodynamic diameter (DLS) and zeta potential were used to characterize bare-nZVI 

and rhamnolipid coated nZVI. The effects of the type of nZVI and initial NO3-N 

concentration were examined. The nZVI synthetized adding rhamnolipids after the 

synthesis showed the best efficiency removal rate of nitrate about 78% and initial nitrate 

concentration of 25 mg/L. Results suggest that nZVI functionalized with rhamnolipids 

had the potential to become a promising strategy for in situ heavy metal-contaminated 

groundwater remediation. 

1. Introduction 

Groundwater is an abundant source of fresh water and it’s also the primary source 

of drinking water for half of the world’s population (KLØVE et al., 2011; VELIS; 

CONTI; BIERMANN, 2017). World’s population are fed by crops grown with fertilizers, 

which were made possible by the invention of the Haber– Bosch process, which reduces 

atmospheric nitrogen gas to ammonia (ERISMAN et al., 2008; ZHANG et al., 2015). 

However, a large proportion of this nitrogen is lost to the environment leading to 

environmental pollution and its concomitant threats to agricultural productivity, food 

security, ecosystem health, human health and economic prosperity (ERISMAN et al., 

2008; HANSEN et al., 2017; ZHANG et al., 2015). The World Health Organization and 

the U.S. Environmental Protection Agency have established a maximum contaminant 

level for nitrate of 10 mg/L as NO3-N in drinking water (EPA, 2002; WHO; 

INTERNATIONAL PROGRAMME ON CHEMICAL SAFETY, 1996). 

In particular, the nanoparticle zero valent iron (nZVI) has been extensively 

implemented for groundwater remediation due to low cost and its ability to reduce 

oxidized pollutants (CRANE; SCOTT, 2012a; STEFANIUK; OLESZCZUK; OK, 2016; 

YIRSAW et al., 2015), also has been proven that nitrate can be reduced chemically by 
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nZVI (HWANG; KIM; SHIN, 2011), and the efficiency of nitrate removal by Fe0
 is 

dependent on the pH value. Generally, rapid reduction occurred at pH 2-4.5 (CHOE; 

LILJESTRAND; KHIM, 2004; HUANG; WANG; CHIU, 1998; HUANG; ZHANG, 2004). 

nZVI is highly reactive in water making it an exc5-ellent electron acceptor (STURM; 

MORGAN, 1996) also, nZVI is non-toxic, abundant, low cost, and easy to produce 

(COOK, 2009; KEANE, 2009; WEI-XIAN ZHANG, 2003). It is composed of a core 

consisting primarily of zero-valent iron, whereas the mixed valent oxide shell is formed 

as a result of the oxidation of the metallic iron (CRANE; SCOTT, 2014; LI; ELLIOTT; 

ZHANG, 2006). It is more reactive than conventional iron powder due to the large surface 

areas and high surface reactivity (WEI-XIAN ZHANG, 2003; ZHAO et al., 2016). In 

order to diminish the tendency of aggregation, nZVI is often coated with surfactants 

(CRANE; SCOTT, 2012b; NSET, 2003) which play major roles improving particle 

mobility (DUTRA, 2015), lowering interfacial tension, and preventing the coalescence of 

newly formed drops (MORSY, 2014). With the rapid advances in biotechnology and 

increased environmental awareness, synthetic surfactants have increasingly been replaced 

with biologically produced compounds (BANAT; MAKKAR; CAMEOTRA, 2000; 

GAUTAM; TYAGI, 2006).  

Green synthesis and stabilization of metallic nanomaterials are applied to decrease 

the use of chemical methods (PARK et al., 2011). Microbial biosurfactants are 

extracellular compounds produced by microbes such as bacteria, yeast, and filamentous 

fungi grown on hydrophobic/hydrophilic carbon sources (LOVAGLIO et al., 2015; 

NITSCHKE et al., 2005; PIRÔLLO et al., 2008; THAVASI, 2011). Biosurfactants are 

surface active molecules having hydrophilic and hydrophobic moieties as their 

constituents, which allow them to interact at interfaces and reduce the surface tension 

(FERNANDES, 2011; MISHRA et al., 2009; THAVASI, 2011). The rhamnolipids 

produced by Pseudomonas aeruginosa have been intensively investigated and 

extensively reviewed (MAIER; SOBERÓN-CHÁVEZ, 2000; NITSCHKE et al., 2005; 

OCHSNER; HEMBACH; FIECHTER, 1996). They are comprise one or two molecules 

of rhamnose are linked to one or two molecules of b-hydroxydecanoic acid (BANAT; 

MAKKAR; CAMEOTRA, 2000; DESAI; BANAT, 1997; HAUSMANN; SYLDATK, 

2014). 

Biosurfactants have shown to be promising candidates for the stabilizing of 

nanoparticles, they already have been used to stabilize silver nanoparticles (FARIAS et 
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al., 2014; KIRAN; SABU; SELVIN, 2010; KUMAR et al., 2010; RAVI KUMAR et al., 

2010; REDDY et al., 2009; XIE; YE; LIU, 2006), nickel oxide (PALANISAMY, 2008; 

PALANISAMY; RAICHUR, 2009), cadmium sulfide (SINGHAL; NIE; WANG, 2010), 

iron oxide (LIAO et al., 2010) and palladium-doped nanoscale zerovalent iron particles 

(BASNET; GHOSHAL; TUFENKJI, 2013; BHATTACHARJEE et al., 2016). Although 

there is no report on rhamnolipid mediated synthesis, stabilization and application of 

nZVI’s on nitrate reduce, to date. Considering this point, in the present study, we report 

evidence for the use of low-cost produced biosurfactant rhamnolipids in the stabilization 

of nZVI in aqueous solution and its use to remove nitrate in simulated groundwater. 

2. Materials and Methods 

2.1. Materials 

Ferric chloride (FeCl3·6H2O, 98%), Sodium borohydride (NaBH4, 97%) and 

Potassium Bromide (KBr, 99%) were purchased from Sigma-Aldrich Chemical 

Corporation, Acetone (Honeyell, 100%) and water de-ionized ultrapure was used for 

nZVI synthesis. All of the components are of analytical grade and used without further 

purification. To obtain rhamnolipids was used a Ca-free mineral salt (as described by 

MÜLLER et al., 2011) all of the components are of analytical grade and used without 

further purification and de-ionized water was used in all the experiments. Sodium 

hydroxide (NaOH, 97%.), ammonium chloride (NH4Cl, 99%) and sodium nitrate 

(NaNO3, 99%) were purchased from Labsynth and phosphoric acid (H3PO4, 95%) was 

purchased from J T Baker. 

2.1. Production and extraction of rhamnolipids 

The strain Pseudomonas aeruginosa LBI 2A1, was obtained in a previous work 

as a part of a doctoral thesis (LOVAGLIO, 2011). It was maintained in nutrient broth plus 

20% glycerol at −20 °C. For pre-culture the microorganism, was inoculated into 25 mL 

of nutrient broth. Pre-cultured microorganism was transferred to 200 mL of seed medium 

consisting of a solution with phosphate buffer and 1% of glycerin (w/v) and was 

maintained on rotary shaker for 48 hours at 180 rpm and 37°C (MÜLLER et al., 2011). 

Seed culture at optical density of 0.08 (OD580) was transferred to 400 mL of 

production medium (MÜLLER et al., 2011) containing 2% (w/v). The pH of the medium 
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was adjusted to 7 by adding NaOH 1M. The culture was incubated on shaker table for 

120 hours at 200 rpm and 32°C. At the end of the fermentation, culture free broth was 

used for rhamnolipids extraction. 

Cells were separated by centrifugation at 12000 rpm for 30 min at 4°C, and the 

cell pellet was discarded. To the supernatant was added 85% H3PO4 1:100 (v/v) to adjust 

of pH of about 2-3 and ethyl acetate 1:1,25 (v/v). The mixture was shaken for 15 min and 

allowed to settle down until the phase separation. The inorganic phase was removed and 

the operation was repeated once again with the organic phase. The extracted rhamnolipids 

were concentrated by rotary evaporation obtaining a viscous yellowish product. 

2.2. Surface activity measurements and Structural Characterization of 

Rhamnolipids 

Surface tension was determined by the Du-Noüy ring method with a Krüss K6 

Tensiometer (Krüss, Hamburg, Germany). Ultrapure water was measured at the start to 

calibrate the tensiometer. Experiments were performed at room temperature; all 

measurements were made in triplicate. 

2.3. Synthesis and Green stabilization of nZVI  

The synthesis was based on the borohydride reduction method (WANG; ZHANG, 

1997). The first step involved vigorous mixing of sodium borohydride (NaBH4) and ferric 

chloride (FeCl3·6H2O) at room temperature. The synthesis of nZVI was conducted in a 

50 mL beaker with a magnetic stirrer. Sodium borohydride (6 mmol) dissolved in 2 mL 

of purified water was introduced to 40mL ferric iron solution (4 mmol), for the reduction 

of ferric iron to nZVI. The entire process was carried out in an argon atmosphere. The 

reduction reaction is as follows (WANG; ZHANG, 1997): 

 

Fe(H2O)6
3+ + 3BH4

- + 3H2O →Fe0   + 3B(OH)3 + 10.5H2         (4.1) 

 

The separation of the generated iron particles was made with a magnet and 

subsequent washing with acetone at least three times. 

Two stabilization methodologies of nZVI (Table 4.1) were compared with the 

bare-nZVI: synthesis of nZVI with rhamnolipids addition in ferric chloride solution 
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(nZVI-A) and nZVI stocked in rhamnolipids solution(n-ZVI-S). The rhamnolipid 

solution used for nZVI-A and nZVI-S was above the CMC.  

 

Table 4. 1 Stabilization methodology of nZVI 

nZVI RHL 

bare-nZVI Without rhamnolipids 

nZVI-A Rhamnolipids addition in ferric chloride solution 

nZVI-S Stocked in rhamnolipids solution 

2.4. Nanoparticle Characterization 

Characterization of the crystalline phase was determined by X-ray powder 

diffraction (XRD). Fourier transform infrared (FTIR) was used to confirm obtaining 

rhamnolipid. Thermogravimetric analysis (TGA), was carried out to determine the total 

amount of the nZVI and the mass of the rhamnolipids. The shape and morphology of the 

dried nanoparticles was determined using scanning Field Emission Gun Scanning 

Electron Microscope (FEGSEM) model JEOL 7500F using an acceleration of 2kV 

voltage. The particle hydrodynamic diameter and zeta Potential was determined using 

Dynamic Light Scattering (DLS) and zeta potential using laser Doppler electrophoresis 

in a ZetaSizer Nano ZS, Malvern. 

2.5. Nitrate reduction tests 

Batch experiments were conducted using 1L bottles at room temperature and 

light-excluding conditions. To create an anaerobic environment, the deionized water used 

for the preparation of the nitrate solution was boiled and then the bottles were purged with 

nitrogen gas to remove dissolved oxygen. Each bottle was filled with 1L of a solution 

with initial nitrate from NaNO3 concentrations (C0) of about 25 mg/L NO3-N, 50 mg/L NO3-

N and 100 mg/L NO3-N. The pH was adjusted to 4 using HCl 1M at the beginning of the 

experiment. In each bottle were added 5 g of nZVI-S, nZVI-A or bare-nZVI. Control 

experiments, with just rhamnolipids and without the addition of nZVI nanoparticles, were 

carried out in parallel. Samples (10 mL) were withdrawn every 15 minutes for 2 hours. 

All experiments were performed in triplicates. The removal efficiency was calculated 

with equation (4.3). 
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𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 % =
(𝐶0 − 𝐶𝑓)

𝐶0
 𝑥 100 

(4.2) 

where C0 is the NO3-N initial concentration and Cf is the NO3-N concentration at 

the end of the experiment. 

The concentrations of nitrate were quantified by means of NO3-N with a Thermo 

Scientific™ Orion™ Nitrate and, due to the reduction of nitrate to ammonium, NH4-N 

was quantified using and Thermo Scientific™ Orion™Ammonia Electrode. 

A kinetic model for nitrates reduction by nZVI can be described by pseudo-first-

order reaction kinetics. According to this model, the reaction rate is proportional to nitrate 

concentration, as given in the following equation: 

𝑙𝑛 (
𝐶

𝐶0
) = −𝑘𝑜𝑏𝑠𝑡 

(4.3) 

3. Results and Discussion 

3.1. Rhamnolipids production and characterization 

The biosurfactant from P. aeruginosa LBI 2A1 cultivated in a low-cost medium 

formulated only with agro-industrial substrate with 2% (w/v) glycerol, the biosurfactant 

was produced during 120 h at 32°C. Furthermore, the CMC of the crude biosurfactant 

produced was estimated as 250 mg/L. 

The FTIR analysis of pure rhamnolipid in KBr is shown in Figure 4.1, the same 

pattern has observed before (LEITERMANN; SYLDATK; HAUSMANN, 2008). The 

double bands at 2922 and 2854 cm-1 are C-H stretching vibrations of aliphatic groups. At 

1735 cm-1 are C=O stretching bonds of ester and carboxylic acid groups. Between 1230 

– 1450 cm-1 are represented typical C-H and O-H vibrations of carbohydrates, i.e. 

rhamnose units.  
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Figure 4. 1 FTIR spectra of rhamnolipids 

 

3.2. nZVI Characterization 

Figure 4.2e and 4.2a indicate the characteristic basic diffraction at 2θ = 44,7 ° and 

65° that correspond to zero-valent iron. The Figure 4.2c shows the diffractogram of nZVI-

A, differently from the other, this does not present the peak in 44.7 ° that corresponds to 

the iron zero. However, it does not show peaks at 2θ = 18,2 °, 30,1 °, 35,4°, 37,0 °, 43,0 

°, 53,4 °, 56,9 ° and 62,5° characteristic reflections from face centered cubic Fe3O4 and 

2θ = 23,7 ° and 26.1° associated with Fe3O3 (CORNELL; SCHWERTMANN, 2004), and 

can’t be related to a diffractogram of iron oxide. Figure 4.2c and 4.2a show similar peaks 

approximately at 2θ = 14 °, 27 °, 36 ° and 47 °, this similarity together with the standard 

already reported in the literature (AKIYODE; BOATENG, 2018; JUDIA MAGTHALIN 

et al., 2016) suggest that the pattern found corresponds to that of the rhamnolipid. 

After 30 days the samples were submitted again to XRD analysis, in Figure 4.2f, 

4.2d and 4.2b is observed that the diffractograms show the characteristic peak at 2θ = 

44,7°. 4.2d and 4.2f still show similar peaks at 2θ = 36. The nZVI-S presents the best 

pattern, maintaining a high peak intensity compared to others, this behavior can be 

explained through the pH of isoeletric point (pHpzc) (Figure 4.3). 
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Figure 4. 2X-ray diffraction peaks associated with nZVI particles after the synthesis (e) bare nZVI, (c) 

nZVI-A (a) nZVI-S. and associated with nZVI particles 1 month after the synthesis (f) bare-nZVI(d) 

nZVI-A and (b) nZVI-S 

  

Zeta potential defines the energy between the nanoparticles for aggregation, that 

in many circumstances influences the stability of molecules and flow comportment of 

colloidal suspension (HUNTER, 1988). A zeta-potential superior to ± 30 mV usually 

indicates reasonably stable, that means, low capacity of aggregation due to charge 

equilibrium (LOWRY et al., 2016). Figure 4.3 shows that at pH 4 the zeta potential has 

its highest value with bare-nZVI (37,2 mv), followed by nZVI-A (35,1 mV) and finally 

nZVI-S (6,3 mV). This pH was chosen to describe zeta potential changes once it is the 

pH whose applications of the material will be evaluated. 

The pH of isoeletric point (pHpzc) of the nZVI is given in Figure 4.3, the results 

show that for bare-nZVI and nZVI-A exhibit the same profile with pHpzc of 7,8, in 

agreement with the range of values found in the literature (7,5 ~ 8,9) (ARANCIBIA-



114 

 

MIRANDA et al., 2016; HABISH et al., 2017; MARKOVA et al., 2014; SU et al., 2014; 

WEN; ZHANG; DAI, 2014). However, for nZVI-S is observed a change in the profile of 

the curve with a pHpzc of 6. The hypothesis is that the nanoparticle had a more adequate 

coating when functionalized after obtaining the iron nanoparticle, due to similarity 

between the pKa and pHpzc values. The pKa of the rhamnolipid is 5,6 (SOUSA et al., 

2014) and pHpzc observed was 6, in other words, the surface correspond to the 

rhamnolipid instead of nanoparticles. 

 

Figure 4. 3 Zeta potential and pzc of nZVI 

 

The average diameter size of the nZVI is shown in Figure 4.4. bare-nZVI presents 

a shorthened peak with a large base with an average diameter of 50 nm the average of 

nZVI-A is approximately of 60nm and the average diameter of nZVI-S approximately of 

42nm. Has an average diameter smaller than the presented in the nZVI-S and in bare-

nZVI. The increasing average diameter in the nZVI-A could be related with the addition 

of rhamnolipids; this biosurfactant possess an acid pH that in this situation led to the 

formation of huge clusters, as observed by Dahrazma, et al (2008) and Ishigami, et al 

(1987). The pattern of the formation of these aggregates can be found in DLS analysis 

and FEG SEM images (Figure 4.5). 
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Figure 4. 4 Average particle diameter size distribution of nZVI particles. 

 

The Figure 4.5 presents the FEG SEM images of bare-nZVI, nZVI-A and nZVI-

S. The bare-nZVI ⸻ without rhamnolipids ⸻ are agglomerated into big aggregates 

(Figure 4.5a). The morphology of nZVI are distinct with depending of the moment of 

rhamnolipids addition. As shown in Figure 4.5b, nZVI-S result in nanoparticles less 

dispersed and little smaller, whereas nZVI-A generally tend to be more agglomerated and 

consequently slightly bigger (Figure 4.5c), this pattern was confirmed by the DLS 

analysis.  
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Figure 4. 5 FEGSEM images (magnitude 30.0 k) of (a) bare-nZVI (b) nZVI-A (c) nZVI-S 

 

 

A thermogravimetric study of the magnetic nanoparticles obtained using 

rhamnolipids as surfactant was performed over the temperature range of 20–700°C in air. 

The thermal behavior of the nZVI was investigated by TGA and DTA analysis. The 

results are shown in Figure 4.6. 
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Figure 4. 6 TGA and DTA curves for (a) bare-nZVI, (b) nZVI-A and (c) nZVI-S. 
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It is possible to identify two different regions in TGA curve for bare-nZVI. The 

first region between 50°C and 400°C, correspond to a weight loss, due to removal of 

physically bounded water and acetone used in the synthesis (HABISH et al., 2017). The 

region near 189°C shows a slightly change in the base line without a peak and the DTA 

curve shows an exothermic peak, indicating the dehydration of the sample. The second 

region over 400°C the gain mass is continuous of approximately 3%, the DTA curve 

presents an exothermic peak indicating oxidation of the bulk of the nanoparticle 

(FÖLDVÁRI, 2011).  

For the nZVI-A and nZVI-S samples, the TGA curve shows three regions, the 

weight percentages are shown in Table 4.2.  

Table 4. 2 Regions of mass loss and gain (%) of nZVI-A and nZVI-S samples. 

Region Temperature °C Weight nZVI-A nZVI-S 

I 40-230 Loss 8% 9% 

II 230-480 Loss 5% 5% 

III 480-700 Gain 1% 0,5% 

 

The first region between 40°C and 230°C of weight loss corresponding to removal 

of water and acetone used in the synthesis (HABISH et al., 2017). In this range of values, 

the DTA curve indicates an endothermic peak at 100°C, indicating a dehydration reaction. 

The second region of weight loss occurs with a slightly change in the base line without a 

peak between 230°C and 480°C, due to decomposition and elimination of organic groups 

from rhamnolipids biosurfactant (PUI; GHERCA; CORNEI, 2013). The third region, 

over 480 °C is characterized by a slightly gain of weight due to the oxidation of the bulk 

of the nZVI. The DTA curve of nZVI-A and nZVI-S samples shows endothermic peaks. 

The DTA curve between 230°C shows an exothermic characteristic, indicating, between 

230°C and 480°C the pattern is accompanied by the loss weight, due to the elimination 

of the organic groups linked to nanoparticles. Over 480°C the DTA curve continues to 

show the exothermic characteristic, however the pattern is associated to a slightly gain of 

weight associated to the oxidation of the bulk of the nZVI particles.  
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3.3. Nitrate reduction by nZVI in low pH conditions 

Fe0 is thermodynamically unstable in water, under aerobic conditions iron reacts 

with water producing hydrogen gas and hydroxide, dissolved oxygen is the oxidant and 

cause rapid corrosion Eq. (4.4). 

Fe0 +O2 + 2H2O → 2Fe2+ + 4OH− (4.4) 

Under anaerobic conditions water serves as the oxidant and corrosion occurs Eq. (4.5): 

Fe0 + 2H2O →Fe2+ + H2 + 2OH- (4.5) 

Corrosion occurring results in pH increase. At acidic and anoxic conditions, the 

rate of acidic corrosion of iron is much faster than that of the iron corrosion by water Eq 

(4.6). 

Fe0 + 2H+ → Fe2+ + H2 (4.6) 

Several pathways of nZVI oxidation and nitrate reduction by nZVI have been 

previously proposed; representative pathways include equations: 

4Fe0 +NO3
− +7H2O→ NH4

++4Fe2+ +10OH− (4.7) 

5Fe0 +2NO3
− +6H2O → N2

+ + 5Fe2+ + 12OH− (4.8) 

The Figure 4.7 compares the nitrate reduction rates of bare-nZVI, nZVI-S and 

nZVI-A under identical conditions, in all cases, solution pH was confined in 4. It was 

seen that the initial reaction time rates up to 15 min and then the reaction remains almost 

constant; nZVI-S nanoparticles showed a better kinetics than Bare ZVI and nZVI-A 

(Table 4.3). At the first 15 min of the reaction, the nZVI-S presented a removal efficiency 

of nearly 78, 77 and 68% of nitrate, for initial concentrations of 25, 50 and 100 mg/L 

NO3-N, respectively. nZVI-A present a rate nearly of 20, 13 and 12% and bare-nZVI 

presents a rate nearly of 47, 43 and 46% for initial concentrations of 25, 50 and 100 mg/L 

NO3-N respectively. A control test in the same concentrations of NO3-N using just 

rhamnolipids (Figure 4.7 a, 4.7 b and 4.7 c) indicated that there is no nitrate reduction in 

presence of the biosurfactant. 
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Table 4. 3 Observed pseudo first-order rate coefficient of nitrate reduction with nZVI 

NO3-N 

(mg/L) 

bare-nZVI nZVI-S nZVI-A 

Efficiency 

Removal (%) 
kobs 

Efficiency 

Removal (%) 
kobs 

Efficiency 

Removal (%) 
kobs 

25 47,57 0,043 78,62 0,107 20,18 0,015 

50 43,54 0,038 77,65 0,101 12,45 0,009 

100 46,29 0,041 68,89 0,078 13,62 0,010 

 

In order to quantify the reaction rate, a pseudo first- order reaction model, Eq. 4.2, 

was used to fit the observed kinetic data (JOHNSON; SCHERER; TRATNYEK, 1996): 

At low initial concentration of nitrate was observed a high initial reduction rate of nitrate. 

The apparent surface reaction rate constants kobs (Table 4.3) for nZVI-S increased from 

0,078 to 0,107 min−1 with the initial nitrate concentration decreasing from 100 to 25 

mg/L at the reaction time of 15 min. For bare-nZVI the kobs remains nearly of 0,043 for 

25mg/L and for nZVI-A the kobs remains nearly of 0,015 for 25mg/L. The reaction did 

not slow down because of insufficient iron, since in all experiments iron was added in 

stoichiometric excess. It can be explained that the amount of nZVI (5g) was not enough 

to react with the initial nitrate concentration, according to the above chemicals reactions 

(4.5) and (4.6). Huang; Wang; Chiu, (1998), observed a complete nitrate reduction when 

the Fe0 concentration was increased to 10 g/L.  

Figure 4.7 (a, b and c) demonstrates that nitrate removal rate presented a 

substantial decrease with the reaction time going. When nitrate was reduced, hydroxide 

ions were formed, because no additional acid was added, the OH− accumulated, thus 

ewqreducing the nitrate removal reaction (HUANG; WANG; CHIU, 1998; LIU; GUO; 

ZHANG, 2014). Because of the greater diameter, nZVI-A became exhausted more 

rapidly than the bare-nZVI particles. On the other hand, the stabilized nZVI-S particles 

showed a better efficiency, even presenting a smaller diameter (Figure 4.4), which implies 

in a higher reactivity. This behavior was consistent with the results presented in the Figure 

4.3 which indicates that there was a superficial modification on the nanoparticle.  

In addition, the concentration of ammonia did not increase with an increase in the 

initial concentration of nitrate (Figure 4.7 d, e and 4.7 f). Approximately 45% of nitrate 

was transformed into ammonia using of 5 g of nZVI, showing that nZVI-S follows the 

equations reaction (4.5) and (4.6), and bare-nZVI and nZVI-A did not transform nitrate 

to ammonia, probably following only the equation (4.6).  
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Figure 4. 7 Effect of time and initial nitrates concentration on nitrates reduction using nZVI at pH 4 (a) 25 

mg/L NO3-N (b) 50 mg/L NO3-N (c) 100 mg/L NO3-N and effect of time and initial nitrates 

concentration on ammonia concentration using nZVI at pH 4 (d) 25 mg/L NO3-N (e) 50 mg/L NO3-N (f) 

100 mg/L NO3-N 

 

4. Conclusion 

The present work demonstrates a method for preparing nZVI using biosurfactants 

as stabilizer, and assessed its stability and performance concerning NO3-N removal. 

Rhamnolipids were found as a promising alternative for the synthesis and surface 

functionalization of iron nanoparticles, in replacement to toxic synthetic surfactants. The 

nZVI were successfully stabilized using rhamnolipids produced by P. aeruginosa LBI 
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2A1, the nanoparticles can be stabilized correspondingly for at least 1 month. The XRD 

analysis showed that the Fe0 intensity decreased gradually with the aging time for both 

bare-nZVI and nZVI-A, showing a better response in nZVI-S, with rhamnolipids 

concentration above the CMC. 

Compared to bare-nZVI particles, nZVI-A and nZVI-S were stable in an aqueous 

solution, and not easyly oxidized and/or aggregated. Based on their efficiency removal 

capacity and in the observed first-order coefficient kobs the NO3-N removal by different 

prepared materials followed the order of nZVI-S > bare-nZVI > nZVI-A. When bare-

nZVI was presented, most of the NO3-N there was no conversion into NH4-N. 

For long-term successful groundwater field treatments using nZVI, a more 

detailed study of chemical processing and structural development of nZVI with a variety 

of surface coatings in real groundwater should be performed. 
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General Conclusions 

This work has shown how it is possible to use P. aeruginosa LBI 2A1 

rhamnolipids as carbon source crude glycerol for stabilization nanoscale zero valent iron 

(nZVI). Chapter 1 presents a general introduction, the importance of biosurfactants, the 

use of renewable sources for its production, such as crude glycerol and also the 

importance of nZVI for groundwater remediation. The bibliographic survey from Chapter 

2 shows the gaps that still exist about the green stabilization of nZVI using biosurfactants 

and how little attention has been given to this technique and the need for further 

researches. In Chapter 3 the Central Composite Rotatable Design (CCRD) and Response 

Surface Method (RSM) using pro-analysis glycerol and crude glycerol proved to be 

efficient for optimizing the best culture conditions using P. aeruginosa LBI 2A1. The best 

results were obtained using 25g / L salt free glycerol (GFS) at 32 ° C and pH 7, with a 

2.68 g/L production of ramnolipids. In chapter 4 we observed the production and 

stabilization of nZVI using two different methodologies, according to the Zeta Potential 

analysis, the best functionalization happened with nZVI-S, when the nanoparticle was 

stored in rhamnolipids solution. XRD analyzes indicate that nanoparticles remain stable 

for at least 1 month. Efficiency on nitrate removal also indicated that nZVI-S is better, 

removing up to 78.62% of nitrate. This work provides unpublished evidences on the use 

of biosurfactant rhamnolipids as nZVI green stabilizers and their subsequent use for 

nitrate removal on simulated groundwater. 
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A. ANNEX  

1. Selection of the Pseudomonas aeruginosa strain 

Because of the difference in the rhamnolipids structure, it is necessary to define 

the strain and the condition of the culture medium before proceeding to the composite 

rotational design (CCRD) and response surface method (RSM) to produce rhamnolipids 

for nZVI stabilization. 

1.1. Materials and Methods 

1.1.1. Microorganism 

Pseudomonas aeruginosa strain PAO1 is the most commonly used strain for 

research on ubiquitous and metabolically versatile opportunistic pathogen. Is a derivative 

of the original Australian PAO isolate and has been distributed to laboratories and strain 

collections (KLOCKGETHER et al., 2010). Pseudomonas aeruginosa strain LBI was 

isolated from petroleum contaminated soi by Benincasa et al., (2002). Pseudomonas 

aeruginosa LBI 2A1 is a mutant strain which was obtained by random transposon 

mutagenesis done by Lovaglio (2011) as a part of a doctoral thesis. All micro-organisms 

are put into and stored in cryogenic freezer at -20. 

1.1.2. Growing conditions 

1.1.2.1. Preparation of the inoculum 

First, the microorganisms are pre-cultured in Erlenmeyer flasks (125 ml) 

containing 25 ml of nutrient broth and 100 uL of stock culture of the strain to be evaluated, 

incubation was carried out in shaker table for 24 hours at 37 °C and 150 rpm. Then 5 ml 

are transferred to a 500 ml Erlenmeyer flasks with 100 ml for the seed culture and 1% of 

glycerine (w/v), during 24 hours at 37 ºC and 180 rpm. This culture is used for inoculating 

the aqueous phase of the production medium, resulting in an initial DO580nm of 0.08.  

1.1.2.2. Flask experiments 

The culture was incubated on shaker table for 96 hours at 200 rpm, the 

experiments are conducted in 250 mL Erlenmeyer flasks, containing approximately 50 



130 

 

mL of culture medium. Samples of 5mL were collected every 24 hours. The temperature, 

pH and source of carbon, depends on the run of the experiment.  At defined time intervals, 

aliquots for analysis are withdrawn from biomass, carbon source consumption, 

rhamnolipids concentration and degradation products.  

1.1.3. Experiments 

In order to select the best strain for the consumption of glycerin and subsequent 

improvement of the production of rhamnolipids, the following strains were pre-tested: P. 

aeruginosa LBI, P. aeruginosa LBI 2A1 e P. aeruginosa PAO1. 

First, the objective is to select the best strain, as well as to estimate the best 

conditions of pH, temperature and initial concentration of glycerin pro-analysis. For this, 

tests were carried out contemplating in three blocks, one for each temperature: 32 °C, 37 

°C and 42 °C. With pH variations of 5,5, 7 and 8,5 and variations in glycerol 

concentrations of 25, 50 and 75 g / L. Each block resulted in 108 assays (Table A.1). 

 

Table A.1 Matrix of pre-test analysis with P. aeruginosa strains in different conditions. 

Strain 
Temperature 

(°C) 
pH 

Initial glycerol 

(g/L) 

PA01; LBI  and LBI 

2A1 
32 or 37 or 42 

5,5 

25 7 

8,5 

5,5 

50 7 

8,5 

5,5 

75 7 

8,5 

2. Results and Discussion 

After all the experiments were performed, the data were plotted in Excel 

spreadsheet and analyzed (Table A.2). In this first pre-test the aim was to investigate in 

which pH condition the microorganism presented a better consumption of glycerol. It was 

observed that for the three strains P. aeruginosa LBI, P. aeruginosa LBI 2A1 e P. 

aeruginosa PAO1, there was no significant difference in glycerol consumption. 

Therefore, it was decided to continue the experiments using pH 7, already used in the 

laboratory staff, making possible future comparisons with their results. 
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To select the strain that would proceed to the experimental design phase, tests 

were performed under pH 7. The results are shown in Figure A.1. 

It is observed that the highest values of rhamnolipid were produced by P. 

aeruginosa PAO1, reaching rates of 0.103 g/L at 32°C (Figure A.1a), the best 

performance of this strain in relation to glycerol depletion occurs after 96h at 37 °C with 

a concentration of 10.68 g/L (Figure A.1d). P. aeruginosa LBI this strain obtained a 

concentration of 0.051 g/L (Figure A.1b) and a concentration of 8.79 g/L glycerol 

remaining in the medium (FigureA.1e). In relation to glycerol depletion, the best 

performance occurred with P. aeruginosa LBI 2A1 (Figure A.1f), which reached the 

concentration of 4.54 g/L glycerol remaining in the culture medium, with a yield of 0.055 

g/L of rhamnolipid (Figure A.1c).. 
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Table A.2 Pre-tests results for different pH, temperaturature and initicial concentration of glycerol pro-analysis 

32 37 42 

Name; Glycerol 

(g/L); pH 

Initial 

Concentration 

(g/L) 

Final 

Concentration 

(g/L) 

Name; Glycerol 

(g/L); pH 

Initial 

Concentration 

(g/L) 

Final Concentration 

(g/L) 

Name; Glycerol 

(g/L); pH 

Initial 

Concentration 

(g/L) 

Final 

Concentratio

n (g/L) 

PAO1 2% 5,5 25 4,132 PAO1 2% 5,5 25 3,567 PAO1 2% 5,5 25 7,475 

PAO1 4% 5,5 50 6,717 PAO1 4% 5,5 50 5,442 PAO1 4% 5,5 50 8,076 

PAO1 6% 5,5 75 5,914 PAO1 6% 5,5 75 5,691 PAO1 6% 5,5 75 6,503 

PAO1 2% 7 25 3,559 PAO1 2% 7 25 3,595 PAO1 2% 7 25 4,100 

PAO1 4% 7 50 7,019 PAO1 4% 7 50 6,836 PAO1 4% 7 50 7,432 

PAO1 6% 7 75 5,995 PAO1 6% 7 75 5,955 PAO1 6% 7 75 6,707 

PAO1 2% 8,5 25 3,047 PAO1 2% 8,5 25 1,167 PAO1 2% 8,5 25 4,395 

PAO1 4% 8,5 50 6,868 PAO1 4% 8,5 50 6,541 PAO1 4% 8,5 50 6,795 

PAO1 6% 8,5 75 6,007 PAO1 6% 8,5 75 6,153 PAO1 6% 8,5 75 7,001 

LBI 2% 5,5 25 5,578 LBI 2% 5,5 25 5,557 LBI 2% 5,5 25 8,878 

LBI 4% 5,5 50 7,156 LBI 4% 5,5 50 7,045 LBI 4% 5,5 50 6,547 

LBI 6% 5,5 75 6,272 LBI 6% 5,5 75 6,45 LBI 6% 5,5 75 7,132 

LBI 2% 7 25 3,924 LBI 2% 7 25 4,018 LBI 2% 7 25 8,347 

LBI 4% 7 50 3,379 LBI 4% 7 50 3,267 LBI 4% 7 50 8,093 

LBI 6% 7 75 6,242 LBI 6% 7 75 5,84 LBI 6% 7 75 7,128 

LBI 2% 8,5 25 8,437 LBI 2% 8,5 25 4,662 LBI 2% 8,5 25 6,234 

LBI 4% 8,5 50 7,167 LBI 4% 8,5 50 7,453 LBI 4% 8,5 50 8,614 

LBI 6% 8,5 75 6,375 LBI 6% 8,5 75 6,148 LBI 6% 8,5 75 5,003 

2A1 2% 5,5 25 5,279 2A1 2% 5,5 25 6,982 2A1 2% 5,5 25 8,520 

2A1 4% 5,5 50 7,316 2A1 4% 5,5 50 7,088 2A1 4% 5,5 50 9,660 

2A1 6% 5,5 75 6,518 2A1 6% 5,5 75 6,001 2A1 6% 5,5 75 5,703 

2A1 2% 7 25 4,15 2A1 2% 7 25 6,776 2A1 2% 7 25 7,867 

2A1 4% 7 50 7,546 2A1 4% 7 50 7,25 2A1 4% 7 50 9,139 

2A1 6% 7 75 6,49 2A1 6% 7 75 6,423 2A1 6% 7 75 7,373 

2A1 2% 8,5 25 4,855 2A1 2% 8,5 25 5,417 2A1 2% 8,5 25 7,233 

2A1 4% 8,5 50 5,762 2A1 4% 8,5 50 7,75 2A1 4% 8,5 50 8,645 

2A1 6% 8,5 75 6,34 2A1 6% 8,5 75 6,348 2A1 6% 8,5 75 6,335 
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Figure A.1 Results of tests using P. aeruginosa strains in different temperatures using 25 g/L of glycerin 

regarding to (a) rhamnolipids production by P. aeruginosa PAO1, (b) rhamnolipids production by P. 

aeruginosa LBI (c) rhamnolipids production by P. aeruginosa LBI 2A1 (d) glycerol remaining by P. 

aeruginosa PAO1 (e) glycerol remaining by P. aeruginosa LBI (f) glycerol remaining by P. aeruginosa 

LBI 2A1. 

 

 

 

The yield coefficients are shown in Table A.3 below. Regarding to biomass yield 

on substrate (YX/S) and rhamnolipid yield on substrate (YP/S) the highest values of 0,9863 

g/g and 0,0121 g/g, respectively, were produced by P. aeruginosa LBI 2A1, in 96h at 

32°C. Nevertheless, for rhamnolipid yield on biomass (YP/X) achieved the highest 

concentration of 0,0314 g/g by P. aeruginosa PAO1 in 96h at 32°C, against 0,0123 

achieved by P. aeruginosa LBI 2A1 under the same conditions. 
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Table A.3 Yield coefficients regarding to biomass yield on substrat (YX/S), rhamnolipid yield on substrat 

(YP/S) and rhamnolipid yield on biomass (YP/X). 

YX/S 

 Time(h) 
PAO1 

37 

PAO1 

42 

PAO1 

32 
LBI 37 LBI 42 LBI 32 2A1 37 2A1 42 2A1 32 

24 0,0976 0,112 0,084 0,0992 0,0768 0,1232 0,0808 0,0784 0,1344 

48 0,0736 0,0704 0,241 0,1532 0,0699 0,124 0,1791 0,1335 0,2037 

72 0,1725 0,1344 0,1176 0,2001 0,0952 0,1678 0,1488 0,1588 0,2641 

96 0,3934 0,1963 0,1992 0,4071 0,1158 0,26 0,3694 0,4925 0,9863 

YP/S 

 Time(h) 
PAO1 

37 

PAO1 

42 

PAO1 

32 
LBI 37 LBI 42 LBI 32 2A1 37 2A1 42 2A1 32 

24 0,0009 0,0013 0,0011 0,0006 0,0003 0,0006 0,0007 0,0005 0,0007 

48 0,0022 0,0025 0,003 0,0029 0,0007 0,0014 0,0027 0,0014 0,0026 

72 0,0029 0,0022 0,0046 0,0022 0,001 0,0023 0,0012 0,0021 0,0039 

96 0,0088 0,004 0,0063 0,0058 0,0011 0,0035 0,0041 0,0048 0,0121 

YP/X 

Time(h)  
PAO1 

37 

PAO1 

42 

PAO1 

32 
LBI 37 LBI 42 LBI 32 2A1 37 2A1 42 2A1 32 

24 0,009 0,012 0,0128 0,0058 0,0038 0,0052 0,0084 0,0068 0,0049 

48 0,0297 0,036 0,0126 0,0187 0,0102 0,0115 0,0152 0,0106 0,0129 

72 0,017 0,0162 0,0388 0,0109 0,0108 0,0136 0,0082 0,0131 0,0147 

96 0,0223 0,0202 0,0314 0,0144 0,0097 0,0134 0,0112 0,0097 0,0123 

 

3. Conclusion 

Although P. aeruginosa PAO1 strain at 32 °C has shown a better rhamnolipids 

production, glycerol consumption was very poor, leading to a drop in yields coefficient 

of YX/S and YP/S when compared to the same coefficients of P. aeruginosa LBI 2A1. Since 

the goal of this work is to optimize the production of rhamnolipids, combined with a 

higher consumption of the carbon source, the strain P. aeruginosa LBI 2A1 was chosen 

to proceed in the optimization design, using the central composite rotational design 

(CCRD) and response surface method (RSM). 
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