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T he 20th century marked an era of extraordinary achievements in 
knowledge and control of matter at nano and macro scales. These 

advances were possible thanks to theoretical and experimental devel-
opments led by quantum theory,  which  fertilized the ground for the 
consolidation of the so-called first quantum revolution. From this first 
revolution, knowledge about the nature and behavior of light and fun-
damental entities that are part of the physical universe was achieved.  It 
enabled the consolidating of the bases for the development of electronic 
technology, computer technology, communications and instrumenta-
tion. However, the development of mature quantum technology did not 
take place.

The 21st century is embracing the so-called second quantum revolution, 
in which information, computing, communications and metrology tech-
nologies are expected to be drastically affected.  The development and 
commercialization of quantum computers, the quantum internet, quan-
tum nanosensors, crypto systems, among other advances, will become 
a reality. To make this scenario of possibilities viable, nanoscience and 
nanotechnology will play a crucial role.  From the nano-offer, specifi-
cally at the level of control of matter at scales close to those of atoms, it 
becomes possible to configure the raw material for making operating de-
vices under the quantum regime. Thus, the paradigmatic quantum dots, 
together with nanowires and  quantum wells, could play a role in the 
development of processors and computing devices.
In the nanoelectronics area, graphene, due to its properties, will play 
a leading role. On the other hand, we must not forget the convenient 
integration of quantum physics with biology science, from which we 
will obtain the most advanced and efficient technological systems and 
artifacts to realize the ideal of development that the second revolution 
projects.
We welcome the second quantum revolution with the desire that it be a 
factor of development and well-being for the society of the 21st century. 
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The second quantum revolution 
is building the technology of the 
future
Quantum physics opens the doors to welcome the disruptive 
technologies of the future

Edgar E González

PERSPECTIVES   
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The technology of the future is already being built, which opens the doors to 
computing, teleportation, cryptography, communications and quantum metrology. 
This will produce important changes in the way information is processed, 
transmitted, stored and protected. We will be the beneficiaries of an unprecedented 
technological revolution that will help to face the great challenges of 21st century 
society.

At the beginning of the 20th century, one of the 
most significant scientific advances in the history 
of human knowledge was produced: the quantum 

revolution. This new paradigm has allowed to develop 
the instrumental and theoretical capacities to explore the 
nature and behaviour of atoms and other basic constituents 
of matter and energy.  Despite the extraordinary scientific 
and technological achievements derived from this 
revolution, with emblematic advances such as the laser, 
the inevitable transition towards an engineering based 
on the capabilities offered by this fundamental area of 
knowledge, is still incipient.  The 21st century, hereditary 
of this first revolution, has hosted a roadmap that traces 
as a central axis the so-called second quantum revolution, 
which, together with nanotechnology, opens the doors to 
disruptive transitions that will drastically affect the areas of 
information technology, telecommunications, metrology, 
electronics and robotics, among many others.

The second quantum revolution will have a profound impact 
on 21st century society.  We are a knowledge society that bases 
its rational interaction with the world from the consensus 
acquired from classical science, which gives us the ability 
to understand phenomena and apply knowledge based on 
prediction, causality and determinism. From engineering, 
this has so far been sufficient to reach the surprising state 
of development from which we are beneficiaries. However, 
there are a number of unresolved problems and many 
outstanding scientific and technological needs. When the 
new quantum technology reaches some degree of maturity, 
it will be possible to design strategies to meet the energy and 
environmental challenge. Simulation of systems belonging 
to the quantum validity domain will be feasible. Contribute 
invaluable capabilities to financial services and process 
optimization. It will allow us to solve protein folding, a 

problem that goes beyond classical computing. The design 
of new drugs and protocols for treatment and diagnosis 
in the health area. Strategies to combat the deterioration 
of materials used in the industrial sector. Atomic and 
molecular design for the discovery and manufacture of new 
materials. Development of high quality security systems and 
protocols.

The science and technology of information and computing, 
telecommunications and computer security will be some 
of the main areas affected by the second revolution. 
Transcendental changes will occur in the way information 
is processed, transmitted, stored and protected. A large 
number of countries in the world are committed to the new 
agenda suggested by this revolution. Europe recently started 
the Quantum Flagship initiative, one of the most ambitious 
research proposals of the European Commission on 
research and innovation for the next 10 years. Together with 
the slogan “the future is quantum” and a budget investment 
of 1000 million euros to crystallize the industry of quantum 
technologies. 5000 researchers involved and 140 research and 
innovation proposals received, 5 areas of development will be 
addressed: quantum computing, quantum communications 
quantum simulation, metrology and quantum detection and 
basic science. On the other hand, it is worth highlighting 
a fact of great importance that occurred in 2015. China 
launched the first quantum satellite in orbit, the QUESS 
(Quantum Experiments at Spacial Scale), aimed mainly 
at making protocols and quantum teleportation processes 
feasible to enable telecommunications quantum and make 
reality in conjunction with cryptography and quantum 
computing, the quantum network of the future.

But what makes the new quantum paradigm so drastically 
new, different, and powerful? The reason is the type 
of physical approach used to develop the theoretical  
foundations and technological developments. Thus, 
for example, the computers and other conventional 
technological devices with which we interact on a daily, base 
their operation on the laws of the so-called classical physics. 
Classical physics refers to the physical knowledge of the 
world based on Newton’s laws of mechanics, Maxwell’s laws 
of electromagnetism, the theory of heat, optics, and other 

Edgar E González Ph.D.
Facultad de Ingeniería, Pontificia Universidad Javeriana
Nanoscalar Science and Technology Center
Academia Colombiana de Ciencias Exactas Físicas y Naturales
Red Nanocolombia
E-mail: egonzalez@nanocitec.org



8 Jnano Vol 5 No 1

areas of knowledge with which we became familiar in the 
early formative years. On the other hand, quantum physics 
refers to the world of atoms, molecules and other entities 
that belong to the invisible scale of the interior of matter, 
in which classical physics has no validity. It is often claimed 
that classical physics deals with the phenomena of the scale 
to which our perception belongs, while quantum physics 
deals with the atomic scale.

On the scale to which quantum physics belongs, 
intelligibility, causality, and other aspects that are part of our 
worldview, lose meaning. The nature of a quantum entity, 
such as an electron or a photon, cannot be defined until it is 
subjected to a measurement process. If the particle has not 
been disturbed by some measurement process, it can have 
behaviors as counterintuitive as at the same moment it can 
have two different states, for example, occupy two different 
places, something that entities called waves -such as those 
of sound , light or produced in water- is allowed, but which 
it is unprecedent for particles described by classical physics.
In the case of computing, the information unit, which is 
classically called the bit, is encoded in a physical system 
through two states represented by 0 and 1. These states 
cannot be simultaneously present. As an example, suppose 
the bit is represented as a box with two equal and closed 
compartments (figure 1). State zero could correspond to the 
presence of the particle in the first compartment, while state 
one to the presence of the particle in the second compartment. 
For a wave it would be possible to simultaneously occupy 
the two compartments, while for a classical particle this is 
not possible, since this would be equivalent to ubiquity by 
having the state 0 and 1 simultaneously. In the quantum case 
and under certain isolation conditions, it becomes possible 
to have the particle simultaneously in the two compartments, 
that is, in the two states 1 and 0 simultaneously. 

This superposition of states is associated with the quantum 
unit of information called the qubit. This “strange” quantum 
behavior is the basis for making quantum computing viable. 
It is not the same to operate with a single state, 0 or 1 in the 
classic case, as to do it with the two states simultaneously 0 
and 1. 
The great problem that arises with quantum superpositions 
is the difficulty of interacting with the quantum system 
without destroying them, since, if you try to observe or 
measure a qubit, it collapses into a classic bit. In the case 
of the previous example, if you try to observe, measure or 
control the system, the superposition collapses or destroys 
it, leading to the particle being detected only in one of the 
two states 0 or 1.

It is of paramount importance to be able to control and 
manipulate a quantum system without destroying it. This 
was one of the main challenges of experimental physics, 
until physicists Serge Haroche and David Wineland, with 
different proposals, found a way to make it possible. For this 
remarkable contribution, they received the Nobel Prize in 
Physics in 2012.
Professor Haroche’s proposal, a pioneer in quantum optics, 
is based on controlling the interaction of light with matter. 
As is well known, when we try to interact with a light particle 
(called photon), it is destroyed, because it must be absorbed 
or modified in order to detect it. To obtain information about 
a single light photon without destroying or modifying it, a 
light trap was used, a device that keeps the photons confined 
between two highly reflective parallel mirrors (figure 2). If 
an atom passed through these photons or a beam of atoms 
that are very sensitive and with certain special properties 
in the presence of light, known as Rydberg atoms, these are 
modified as a function of the state of the photons present in 
the trap, but without causing disturbance on the photons. 

Figure 2. Schematic representation of the light trapFigure 1.  Bit and Qubit Representation



 9JnanoVol 5No 1

This of course is quantum behavior that has no analogy to 
the classical world. If these atoms interact with a sensor that 
reads the acquired information, with this knowledge about 
the photons is achieved without disturbing or destroying 
them.
This opens the doors to quantum technology, since it 
will make possible the creation of quantum computers, 
communication systems and cryptography, among other 
potential applications that will bring reality to the second 
quantum revolution.
On the other hand, metrology that deals with everything 
related to measurements, units of measurement and the 
corresponding equipment required to make them, will be 
drastically affected by the new quantum paradigm. It should 
be noted that quantum theory is behind the new definition 
of the unit of mass, the kilogram. This definition is based on 
the Planck constant.

Engineering in the era of quantum hegemony

Engineering makes viable what physics proposes as 
possible. What is possible for physical science is determined 
by the natural laws with which we have learned to control 
and manipulate the fundamental ingredients that make up 
the physical universe: matter and energy. With these two 
ingredients and the knowledge inherited from the evolution 
of human thought, it becomes feasible to engineer the 
technological developments that physical science makes 
possible. 

Why is the transition to quantum technology inevitable? 
The evolution of engineering is drastically determined by 
the development of capacities to manipulate matter and 
energy at scales closer to atoms. There has been a clear trend 
towards miniaturization and operation of the different 
mechanical, electronic, electrochemical components, 
among others. To mention a specific case, since 2003 the 
manufacture of processors reduced its scale to below 100 
nanometers. A nanometer is a billionth of a meter. In 
2014, the manufacturing of 14-nanometer-scale processors 
was achieved, and achievements in the manufacture 
of 10-nanometers are expected later this year. These 
manufacturing-10 nm processors will incorporate notable 
improvements in performance, autonomy, and connectivity 
for future developments in Industry 5.0, marking an 
important approach to the validity domains of quantum 
physics.  On the other hand, the extraordinary advances 
in quantum computing that are already strategically 
positioning themselves as the spearhead of the computer 
industry for the coming years, as demonstrated by IBM’s 
recent presentation at the first ever CES Technology Fair in 
Las Vegas computer for potential commercial use Q System 
One. This type of computer will open an extraordinary 
field of applications in basic science and Engineering. Like 
computing, telecommunications and cybersecurity will 
move toward unprecedented capacity development.

In a report by Accenture Labs, the mapping of 150 use cases 
derived only from quantum computing is indicated, an 
aspect that proposes a great advance towards the maturity 
of quantum technology. The quantum market offers 
promising expectations. According to Accenture, in 2016 
public and private investment in the quantum market was 
approximately $ 1 billion. As is well known, investment in 
research and development is one of the main factors that 
materialize disruptive trends.

Currently, a large number of companies, including Google, 
IBM, Intel, Microsoft, Nokia, NEC, Hitachi, HP, have 
created an ecosystem that will generate a significant volume 
of products and solutions derived from the technologies 
of quantum information and communication. Some of 
the potential users who are joining this offer belong to 
automotive, computer service, chemical and pharmaceutical 
companies.

The battle for quantum hegemony has motivated 
the incorporation of initiatives aimed at promoting 
infrastructure in quantum technology. The United States, 
based on recommendations from the National Council of 
Science and Technology, is strengthening infrastructure 
capacities in Quantum Information Science and has 
approved an investment of 1.2 billion dollars through the 
National Quantum Initiative. China is making progress 
in the construction of the Hefei Quantum Information 
Laboratory, which has required an investment of close to $ 
10 billion. In Russia, the creation of the Russian Quantum 
Center is taking shape. In Australia, the Sydey Quantum 
Academy was created, with funds close to $ 360 million. 
In Latin America, investment in this technological offer is 
still incipient. In countries like Mexico, there is significant 
progress in taking up the challenge and integrating 
research and development centers in this task. In countries 
like Colombia, it is required to advance in experimental 
infrastructure for quantum research, necessary to promote 
a greater opportunity for innovation and endogenous 
development in these disruptive technologies. 

This transition panorama raises the need to prepare the 
engineer to take on the challenges of the second revolution. 
On the other hand, it is necessary to increase the opening 
of quantum training spaces for undergraduate students in 
Engineering. 

Conclusion
We are on the verge of the beginning of an unprecedented 
knowledge revolution, which will drastically change the 
technological offer and affect scientific development. There 
are numerous challenges that must be faced from science 
and engineering to consolidate this global initiative that will 
allow building the quantum technology of the future.
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Nanotechnology and biotechnology, are positioning 
themselves as two of the disruptive technologies of 
greater impact to assume the different challenges 
facing the society of the XXI century, as well 
as essential components to efficiently boost the 
knowledge economy.

Two decades after the 
announcement of the main 
initiatives in nanoscience 

and nanotechnology, with high 
investments and training programs 
and infrastructure implementation, 
they still remain as strategic areas of 
greatest impact: environment, energy, 
health and agriculture.
The context of convergence in which 
these initiatives are presented, 
biotechnology    and nanotechnology 
are focused as strategic areas to address 
the environmental, energy, health and 
agriculture agenda, which without a 
doubt is transcendental for the society 
that transits the 21st century [1].  

Bio and nano  have been positioned 
as areas that share common interests, 
basically derived from a scale that 
compromises the current disruptive 
technologies: the scale of the 
nanometer. At this scale, it is not 
difficult to find a clear synergy between 
bio and nano, strengthened by near in 
size to the fundamental components of 
matter.

It is however necessary to ask about the 
achievements, scope and possibilities 
offered by this convergence, in terms 
of satisfying the projections that 
have been generated for the coming 
years.  Like all disruptive technology, 
the bio and nano are going through 
a stage of expectations, which 
promise revolutionary scientific 
and technological implications in 
the medium and long term.  It is of 
paramount importance to evaluate this 
scenario on which the technological 
base for a knowledge society is being 
built.

In this document, based on 
technological vigilance, the impact on 
environmental, energy and food  issues 
is evaluated in terms of the bio-nano 
offer. From the scientific publications 
reported in indexed journals, as well as 
the distribution of these results in the 
different countries of the world, it has 
allowed us to have a global image of 
the role that the bio-nano convergence 
is playing to address the problems 
mentioned above.

Methodology

Information searching on the bio-
nano offer in scientific production is 
outlined in figure 1.  
The database used in this study was 
Scopus. The keywords  with the use of 
thesaurus of ebscohost were selected.  
The   keywords chosen for the query 
were:  nanotechnology, biotechnology, 
bionanotechnology and nanobiotech-
nology in water, soil and air. These key-
words were combined using Boolean 
Operators  with: agriculture, environ-

ment, health, and energy including also: 
sensor, nanoparticles, filter,  biogas, bio-
mass, and photovoltaic. English was the 
language used for the search. Finally, 
countries, authors and institutions that 
lead global scientific production were 
compared with each other. The search 
was limited to the window between the 
years 2008 and 2018.

The search  for original articles in the 
title, abstract and keywords was sifted.  
Since the reviews, retractions, books, 
book chapters, reports, editorials, 
conferences and articles in press 
are considered gray literature, these 
products were not considered.  

The search equations were elaborated 
according to the recommendations 
of thesaurus. The results obtained in 
each consulted equation and patents 
related according to the combinations 
of words in the searches,  are reported 
(see appendix 1 in the digital version).
 
Results

Through a technological vigilance 
study, it becomes possible to evaluate 
from the registry of the number of 
publications in indexed journals the 
impact on research derived from bio-
nanotechnology. This information 
makes it possible to establish useful 
correlations between the policies of 
scientific development in the different 
countries of the world, against the 
possibilities and capacities offered 
by these disruptive technologies to 
address the problems that are strategic 
for the coming decades.

A bibliometric record of publications in 
the world on bio and nanotechnology 
show the following results: In 
biotechnology, the average publication 
rate is close to 221 articles per year and 
in nanotechnology 445 per year. As 
the figure 2 shows, a slight reduction 
of publications in biotechnology 
appears in the last 4 years regarding the 
incremental trend of the first four years 
belonging to the observation window.  
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This behavior could be correlated with 
the decline with respect to the peak 
of expectations for which disruptive 
technologies usually transit. The 
advances in regulation, normativity, 
ethical implications and responsible 
use of these technologies, delimit the 
applications and incorporations in 
the market, an aspect that can affect 
the feedback between industry and 
research.

The countries that lead in bio-
nanotechnology research for the 
window that is being evaluated, are 
the United States and China. The 
United States reports 32,424 in nano 
and 1852 in bio respectively. It should 
be noted that for all the countries 
that are registered in the graph, 
publications in nanotechnology 
surpass those in biotechnology, except 
Japan and Brazil as shown in the 
graph in figure 3a-3b.  In a Spotlight 
recently reported in Nature, it is 
indicated that in the year 2017 China 
produced in materials-science more 

Two decades after the 
announcement of the 
main initiatives in 
nanotechnology, with high 
investments and training 
programs and infrastructure 
implementation, they 
still remain as strategic 
areas of greatest impact: 
environment, energy,  
agriculture and health  

scientific publications that United 
States [2]. The transcendental role 
played by the science of materials in 
scientific development and the high-
tech economy in China is recognized.   
A case that should be highlighted is 

the privileged position that India has, 
which can be explained in terms of the 
great boom in green nanotechnology 
that has been developing.  Brazil is 
the only Latin America country that 
appears among the first 15 countries.

In Latin America, in biotechnology 
and nanotechnology lead Brazil, 
Mexico, Argentina, Chile and 
Colombia respectively, a classification 
that is observed in the majority of 
measurements made to evaluate the 
scientific production in general. In 
these countries, unlike most of the 

Figure 1 Methodological scheme that shows the route followed for the technological  
vigilance study.

Figure 2 Number of publications in bio and nanotechnology between 2006 and 2018.
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Figure 3b Global distribution of scientific production by countries. As can be seen, production in both nano (blue color) and bio 
(orange color) is led by the United States and China. Countries of the European Union, especially Germany and Great 
Britain offer an important production just like Japan and South Korea. It is also worth noting the important role that India 
are playing. 

Figure 4 Distribution of the number of publications by country in the Latin American region in the last 11 years. Brazil together 
with Mexico and Argentina, Chile y Colombia lead the ranking. Unlike other regions of the world, scientific production in 
biotechnology exceeds that of nanotechnology approximately by a factor 2.
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The countries that lead 
in bio-nanotechnology 
research for the window 
that is being evaluated, 
are the United States and 
China

(Figure 5). These three institutions 
appear in the first three places of 
the Scimago Institutions Ranking 
published in 2019 where all areas of 
knowledge are included. Scimago 
Institutions Ranking is based on three 
sets of indicators related to research 
performance, innovation outputs 
and social impact.   Since 2008, the 
Chinese Academy of Sciences has 
remained in the top three ranking 
places and has played a fundamental 
role in positioning China in recent 
years as one of the global powers in 
scientific production [3].

One of the most prolific publications 
scientists registered in this study is 
Prof. Shong Lin Wang, who researches 
in the area of nanogenerators, 
piezotronics, hybrid cell for energy 
harvesting. Therea are reports 1510 
publications of his authorship and 
an H-index of 105. In biotechnology 

others that appear classified, the 
scientific production in bio is greater 
than in nanotechnology (Figure 4). 

With respect to institutions committed 
to scientific production, the Chinese 
Academy of Sciences is a leader in 
publications in the world, both in 
Bio and nanotechnology, followed by 
the Ministry of Education of China, 
and Centre National de la Recherche 
Scientifique CNRS  respectively 

Professor Michael Lisanti of Stanford 
University reports the highest number 
of publications.

From the bio-nano offer, we have 
considered of great importance to 
carry out an evaluation of scientific 
production, specifically for the 
following strategic areas: Environment,  
energy, agriculture, and nanosafety.
The correlations and comparative 
study between these areas allow us 
to identify useful elements to project 
in the short and medium term the 
policies that are required to improve 
training and strengthen investment, 
research and development. 

Scientific offer in bio-nanotechnology 
for environment

The environmental problem appears as 
one of the main challenges that must 

Figure 5 Ranking of scientific production in bio-nano for institutions.
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be addressed from the opportunities 
offered by emerging technologies, 
among which bio and nanotechnology 
stand out. 

Regarding the offer in bio-nano-
technology to face the environmen-
tal    problem, publications reported 
in the last 10 years  show a polynomial 
growth, with an average rate of 150 
publications per year for biotechnolo-
gy and average rate of 164 publications 
per year for nanotechnology (Figure 6). 
It is striking to observe how the growth 
rates for these two areas of knowledge 
in the last 10 years are similar.
In nano-environment there was a 
slight reduction in productivity in 
2015-2016 period, which correlates 
with the loss of productivity in nano 
at a general level as previously was 
indicated.  For bio-environment, a 
reduction in productivity is recorded 
in the year 2017.

As shown in figure 7 and 8, for bio 
and nano-environment, the countries 
that lead production for the 11-year 
interval that is being considered, are 
the United States and China. The third 
place is occupied by India, a country 
that as noted above stands out in green 
nanotechnology, with a notorious 
growth in synthesis of colloidal nano-
particles for environmental remedia-
tion with the use of natural precursors.

The paradigmatic products for 
environmental monitoring derived 
from bio and nanotechnology are 
the sensors, while in the case of 
remediation, filters play a fundamental 
role. Figure 9 shows the scientific 
production in terms of  bio-
nanosensors and bio-nanofilters. As 
can be seen, the advances in these 
two important components are still 
incipient. 
Thus, while the scientific production 
in nano for the year 2018 was 11002 
articles, for nanosensors it was 269, 
smaller by a factor of 41. In Bio for the 
same year, the scientific production 
reached a number of 7368 publications, 

Figure 6 Scientific production reported  globally in the last 11 years in bio and nano 
environment.

Figure 7 Global scientific production reported in bio and nano-environment by 
countries. The United States and China stand out as the two countries with 
the highest production in the last 11 years.

of which only 82 were on biosensors, 
smaller by a factor of 90. 
In environmental monitoring, 
production scientific in nanosensors, 
triples the produced in biosensors.
In biosensors and nanosensors no 
significant growth for the evaluation 
window is observed. The average 
growth rate for nanosensors is 

approximately equal to 8 publications 
per year, while for biosensors it is 
approximately 3 publications per year.

In remediation, specifically in bio 
and nanofilters, oscillatory behavior 
occurs in the number of publications.
The average growth rate in nanofilters 
is approximately 8 publications 
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Figure 8 Map of global scientific production reported in bio and nano-environment by countries. 

per year, while in biofilters it is 1 
publication per year. In the latter case 
it could be said that in terms of bio-
remediation using filters, scientific 
production has remained constant. It 
can be affirmed that the incorporation 
of natural products for the preparation 
of nanostructured filtering systems has 
not experienced sufficient progress in 
recent years compared to the case of 
inorganic nanostructured filters.

Nanomaterials are the raw material 
required for the configuration of 
devices and processes for measurement 
and remediation. An evaluation of the 
scientific production, specifically in 
nanoparticles oriented to address the 
environmental problems,  shows an 
outstanding growth, with a rate of 64 
publications per year.  As shown in 
Figure 10, there is a production peak 
in 2015, after which productivity 

is reduced and stabilized.  Use 
of nanoparticles to deal with the 
environmental problem corresponds  
at a growth rate of 43% of the total 
growth rate of production reported 
for nano-environment.  This implies 
that nanoparticles have an important 
percentage in the offer of engineering 
of nanomaterials for the environment. 
By 2018, the number of articles 
published in nanoparticles was 44% of 
the total number of articles of  nano-
environment.
The use of nanoparticles for the 
environment, the United States, China, 
India and South Korea are the countries 
with the highest scientific productivity.

With respect to the contribution from 
biomaterials to the environmental 
problem, the productivity index with 
respect to nanoparticles is very low, 
as shown in figure 10. With respect 

Since 2008, the Chinese 
Academy of Sciences 
has remained in the 
top three ranking 
places and has played 
a fundamental role in 
positioning China in 
recent years as one of 
the global powers in 
scientific production

to the contribution from biomaterials 
to the environmental problem, the 
productivity index with respect to 
nanoparticles is very low as shown in 
figure 10. The growth rate of 13 articles 
per year is 5 times lower than for 
nanoparticles.
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Figure 9 The graph shows the scientific production in bio-nanotechnology for the environment during the last 11 years.  The be-
havior in bio and nanosensors for monitoring is specified, as well as in bio and nanofilters for remediation.

Figure 10 Scientific production reported globally in the last 11 years in nanoparticles, 
biomaterials, and nanosafety to deal with the environmental problem. 

The growth rate of  scientific production 
in biomaterials is 8% with respect to 
bio-environment.

An aspect of transcendental importance 
that must be incorporated in the 
proposals of bio-nanotechnological 
production are the implications in 
environment and living beings. Figure 
10 shows the scientific production 
in nanosafety, which although has 
experienced a slight rate of growth -17 
publications per year- is well below 
the growth rates in nanomaterials, 
specifically in nanoparticles. This poses 
a serious problem of sustainability 
in the face of which it is necessary to 
increase efforts in research on toxicity 
and environmental impact.
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Figure 11 Scientific production reported in the last 11 years in bio and nanoenergy.

Scientific offer in bio-nanotechnology for 
energy 
The problem of the energy crisis is 
an essential part of the agenda that 
draws the route that the society of the 
21st century is going through. Bio and 
nanotechnology  are the main sources of 
value to face this challenge [1].

The scientific production of nano-energy 
surpasses the production in bio-energy. 
While for nano-energy the growth rate 
is 54 articles per year, for bio-energy it 
corresponds to 41 articles per year. For 
the last year of the evaluation window, 
nano-energy production doubles bio-
energy production. 

Since photovoltaic and biogas are the 
sectors emerging with the greatest 
impact in the energy scenario, it is very 
important to evaluate specifically the 
behavior of this green offer.
The figure shows 12 the total scientific 
production in bio-nano in the last 
11 years. In this work the biomass is 
identified as a primary form of biofuel, 
while biogas refers to the production of 
carbon dioxide and methane generated 
by the biodegradation of biomass by 
microorganisms and biogas produced 
from sanitary landfills.
Within the multiple capacities offered 
by the bio-nano offer,    the possibility of 
producing additives to improve efficiency 
in biogas production or nanomaterials to 
increase efficiency in photovoltaic solar 
panels, are highlighted. From elsewhere, 
can provide processes and materials to 
transform  biomass into efficient biofuels.

The figure 13 shows the behavior in 
scientific production for the biogas 
sector. Since the beginning of this 
century, the growth of expectations 
about the potential impact of agro-
industrial biogas in the energy sector was 
outstanding. However, in recent years 
these expectations have not been met. 
Regarding the interest of incorporating 
biotechnology in improving efficiency 
in the production of biogas, which is 
reflected in scientific production, an 
increase in the production rate between 
2008 and 2015 of 91 publications per 

Figure 12  Total scientific production from 2008 to 2018 in nano and biotechnology for 
photovoltaic, biomass and biogas. 
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year is observed. However, as of 2015, 
scientific production decreases at a 
rate equal to that of growth. The role 
played by nanotechnology to meet this 
potential energy resource, as shown, has 
been insipient throughout the vigilance 
window.

Agriculture and food security
One of the sectors sensitive to the econ-
omy and social welfare is agriculture. 
The use of new technologies such as 
bio-nano allow the incorporation of so-
lutions to the problems of efficient land 
use, agrochemicals, rational use of wa-
ter, increase of agricultural productivity 
among others. This study of technologi-
cal vigilance shows a very low nano sci-
entific productivity  for this sector (fig-
ure 14).
Thus, in the case of bio, the growth rate 
in reported research is 22 publications 
per year, while for nanotechnology of 7 
publications per year. 

As shown in Figure 14, the potential im-
pact caused by the use of nanomaterials 
in food security registers an incipient 
growth with a very low level of scientific 
productivity.
Nano food security has a zero growth 
rate with 23 publications in 11 years!

In biogas production, 
Finlandaia stands out 
for its leadership in 
the number of plants 
installed. In the United 
Kingdom, the largest 
existing plant has been 
built and in countries 
such as Chile and 
Colombia considerable 
progress has been made 
in the implementation 
of plants for biogas 
production.

 Scientific production from 2008 to 2018 in bio-nano for  biogas. Figure 13

Scientific production from 2008 to 2018 in bio-nano for  agriculture and 
food securiy. In the inset box the production for food safety is detailed.

Figure 14

It is recognized that the health of water 
resources and soil plays an important 
role in food security. Monitoring and 
remediation of contaminated waters 
and soils that can be addressed by the 
bio-nano offer, can allow a substantial 
improvement in food security.

On the other hand, packaging, 

preservation of food, control of 
biotoxins, are some of the problems that 
can be assumed by the bio-nano.

Scientific offer in bio-nanotechnology 
for health
In the health sector, bio and nanotech-
nology are playing a very important role. 
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Global map of scientific production from 2008 to 2018 in bio-nano for  energyFigure 15

Global map of scientific production from 2008 to 2018 in bio-nano for  agriculture.Figure 16
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It stands out a marked development in 
bio-nanosensors, microarrays and lab-
on-a-chip for diagnosis, , nanoparticles 
for transport and controlled drug re-
lease, tissue regeneration, and bio-na-
nomaterials for prostheses, among other 
potential applications.

The scientific productivity in this field 
shows in bio a growth rate for the interval 
from 2008 to 2018 of 24 publications 
per year (figure 18). In the case of nano 
offer, the growth rate is 16 publications 
per year. Both bio as nanotechnology 
present similar production levels. 
In the year 2015 an equal number of 
publications is recorded as illustrated in 
figure 18.

Conclusions

Of this technological vigilance study, 
specifically in scientific productivity 
in the bio-nano area oriented to 
environment, energy and agriculture, 
the following conclusions are obtained: 
The environmental area has the highest 
investigative activity of those that were 

considered. The second place is occupied 
by energy and finally agriculture and 
health (figure 19). This positions the 
environmental challenge in the first line 
of interest in research based on emerging 
technologies.
The great offer in the area of nanoma-

terials, specifically in nanoparticles for 
remediation and monitoring, configura-
tion of nanostructured filters, as well as 
the capacities that are offered for design 
and manufacture of sensors, make the 
environmental area one of the most im-
pacted according to this studio.

Figure 17 Scientific production from 2008 to 2018 in bio-nano for  health.

Figure 18 Global map of scientific production from 2008 to 2018 in bio-nano for  health.
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The total production reported in bio and nanotechnology from 2008 to 2018 is shown in the first two bars. In the following 
bars, the productivity in environment, energy, agriculture, and health  is indicated.

Figure 19

In energy, the state of the art in scientific 
productivity shows a clear domain from 
the nano in the field of photovoltaics. 
This is one of the main resources of 
non-conventional energy production 
that due to its sustainability character 
generates a growing interest. From the 
nanotechnology important alternatives 
are offered to improve the efficiency 
of these solar energy transducers. 
Significant advances are reported with 
the use of nanoparticles, coatings and 
nanostructured systems.
Unfortunately in the biogas sector, 
there has been a decline in scientific 
productivity in bio in recent years. In 
nano an incipient research productivity 
is observed. This is not in tune with 
the current trends of energy transition 
towards non-conventional energies, 
among which biogas is included [4].
In the field of agriculture, the low 
productivity from bio and nano 
surprises. The additions of the bio-nano 
offer to precision agriculture have not 
been sufficient. However, advances in 
controlled delivery of agrochemicals 
and bio-nanosensors stand out.

In terms of nanosafety, the growth rate is 
not synchronized with the growth rate for 
nanomaterials production. This implies 
that there is still insufficient studies and 
research on toxicity and impact on the 
environment and living beings. Efforts 
in research in this direction must be 
increased to guarantee sustainable and 
responsible development from these 
technologies.
One aspect that stands out in comparative 
terms between bio and nano, is the clear 
dominance in scientific productivity of 
nano, except in the case of agriculture 
and health. This is explained in response 
to the boom of nanotechnology in 
the first two decades of this century. 
Biotechnology is an area with a greater 
existence in time. Nanotechnology 
strictly can be considered as a disruptive 
emerging technology.  
Changes in the trends of scientific 
productivity that reflects the degree 
of interest of the different actors in 
research and development, can occur 
among other causes to the initiatives of 
bio-nano convergence [1, 5-6] that in 

some countries are being adopted.
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The UN General Assembly adopted unanimously on 25 September 2015 the New 
Sustainable Development Agenda (Transforming our world: the 2030 Agenda for 
Sustainable Development)  known as “Sustainable Development Goals (SDGs)”. The 
SDG Agenda includes 17 global goals at its core and 169 targets, and is a universal 
call to action to end poverty, protect the planet and ensure that all people enjoy peace 
and prosperity by 2030. The 17 SDGs are integrated—that is, they recognize that 
action in one area will affect outcomes in others, and that development must balance 
social, economic and environmental sustainability. 

Interestingly, unlike their predeces-
sor (the Millennium Development 
Goals) the Sustainable Development 

Goals (SGSs) [1] explicitly call on all 
of us, including business and scien-
tific communities, to apply their crea-         
tivity and innovation to solve sustain-
able development challenges: “52.”We 
the Peoples” are the celebrated opening 
words of the UN Charter [2]. It is “We 
the Peoples” who are embarking today 
on the road to 2030. Our journey will 
involve Governments as well as Parlia-
ments, the UN system and other inter-
national institutions, local authorities, 
indigenous peoples, civil society, busi-
ness and the private sector, the scien-
tific and academic community –and all 
people. Millions have already engaged 
with, and will own, this Agenda. It is 
an Agenda of the people, by the people, 
and for the people– and this, we be-
lieve, will ensure its success” [3].  

From this perspective, it can be said 
that the urgency in taking action has 
been universally agreed [4] and it is the 
responsibility of all citizens, including 
the scientific and business communi-
ties [5]. But, what implies for nano-
technologists to assume their responsi-
bility towards SDG? What implications 
for our daily work within, around and 
outside the laboratory as researchers 
and as innovators?

In can be said that the overarching 
implication of accepting the (added) 
responsibility to work towards the im-
plementation of the SDG Agenda is the 
commitment to incorporate into the de-
sign of nanomaterials (and/or the prod-
ucts that incorporate nanomaterials) 
the values associated with SDG. In this 
sense, our commitment is to follow the 
design for values (DfV) principles [6] 
in our work.

Design for Values (DfV)
Generally speaking, the basic cha-
racteristics of the DfV approach states 
that:
1) If values can be imported to 
technology and shape the space of 
actions of human being, then we need 
to learn to incorporate and express 
shared values in the things we design;
2) Conscious and explicit thinking 
about the values that are imported to 
our inventions is morally significant;
3) Value considerations need to be 
articulated when choosing research 
project, and afterwards, early on in the 
process at the moment of the design 
and development when they can still 

make a difference and through the 
whole life of the project [7].

This statements are clearly opposite 
and actively confronted to the con-
ceptualization of R&I as value neutral. 
Taken to an extreme interpretation, 
conceptualizing R&I as a value neutral 
endeavor means that moral values of 
developers, users and society hardly 
play a role and that the obligation of re-
searchers/innovators is not to interfere 
their work with personal/social values 
but to focus on meeting functional re-
quirements formulated by clients and 
users. From this perspective it is only 
the market success of the innovation 
that legitimize it [8]. On the contrary, 
and from our perspective it has to be 
understood that R&I is never value 
neutral in the sense that functional 
(technical) and non-functional (moral 
concerns/values) requirements have to 
be accommodated in to design process, 
among other reasons because if we ‘ab-
stain from working with values in an 
explicit and reflective way, we run the 
risk that commercial forces, routine 
and bad intentions would freely reign 
and impose values on technology that 
were not discussed and reflected upon 
by relevant parties’  [9].

From this perspective, our position 
represents a moral/political option 
voluntarily rooted in Care Ethics [10].

R&I Driven by care and 
sustainability

Rooted on such backgrounds we strive 
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Sustainable Development Goals 2016-2030

Goal 1 •	 End poverty in all its forms everywhere

Goal 2 •	 End hunger, achieve food security and improved nutrition and promote sustainable agriculture

Goal 3 •	 Ensure healthy lives and promote well-being for all at all ages

Goal 4 •	 Ensure inclusive and equitable quality education and promote lifelong learning opportunities 
for all

Goal 5 •	 Achieve gender equality and empower all women and girls

Goal 6 •	 Ensure availability and sustainable management of water and sanitation for all

Goal 7 •	 Ensure access to affordable, reliable, sustainable and modern energy for all

Goal 8 •	 Promote sustained, inclusive and sustainable economic growth, full and productive 
employment and decent work for all

Goal 9 •	 Build resilient infrastructure, promote inclusive and sustainable industrialization and foster 
innovation

Goal 10 •	 Reduce inequality within and among countries

Goal 11 •	 Make cities and human settlements inclusive, safe, resilient and sustainable

Goal 12 •	 Ensure sustainable consumption and production patterns

Goal 13 •	 Take urgent action to combat climate change and its impacts

Goal 14 •	 Conserve and sustainably use the oceans, seas and marine resources for sustainable 
development

Goal 15 •	 Protect, restore and promote sustainable use of terrestrial ecosystems, sustainably manage 
forests, combat desertification, and halt and reverse land degradation and halt biodiversity loss

Goal 16 •	 Promote peaceful and inclusive societies for sustainable development, provide access to justice 
for all and build effective, accountable and inclusive institutions at all levels

Goal 17 •	 Strengthen the means of implementation and revitalize the Global Partnership for Sustainable 
Development

TABLE I  Description of Sustainable Development Goals 
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In can be said that the 
overarching implication 
of accepting the 
(added) responsibility 
to work towards the 
implementation of 
the SDG Agenda is 
the commitment to 
incorporate into the 
design of nanomaterials 
(and/or the products 
that incorporate 
nanomaterials) the values 
associated with SDG

to develop R&I driven by Care and 
Sustainability. Care for a new trinity 
of concepts: ‘Soil’, ‘Soul’, and ‘Society’ 
[11]. This is, care for what we do, 
how and why we do it, care for what 
we explore and why we do it, care for 
other people, care with your budget, 
care for social consequences, etc. And 
Sustainability (in its ‘Economic’, ‘Social’ 
and ‘Environmental’ dimensions) for 
your R&I outcomes and as a societal 
final goal. The implementation of 
such approach is done by iteratively 
working all our projects from a set of 
dimensions [12], namely: courage, 

rigor, safety and sustainability, inter and 
transdiciplinarity, critical, creativity 
and elegance. 

The remaining of this article will be fo-
cus on a Case Study that exemplify how 
all those principles are put in practice 
in one research and innovation project: 
the use of small doses of designed iron 
oxide nanoparticles (NPs) that stimu-
lates bacteria metabolism and acceler-
ates the production of biogas in condi-
tions of Anaerobic Digestion. We have 
called this project “BioGAS+” and it 
is the result of intensive research that 
started in 2008. Since then we have 
travelled the long road from laboratory 

to market, always driven by the ulti-
mate aspiration of transforming waste 
into appealing raw materials in an ef-
ficient and sustainable way while con-
tributing to key SDG, such as climate 
change targets, energy and food secu-
rity, resource efficiency, improved air 
quality, the development of bio-econ-
omy, symbiotic and circular economy.

Nanotechnology, energy and the 
environment

As previously said, value considera-
tions need to be articulated specially 
when selecting research projects and 
future innovation. From this perspec-
tive, interestingly, energy harvesting, 
transformation and storage is a physic-
ochemical phenomenon which funda-
mental length is few nanometres. Few 
nanometres is what has to move the 
excited electron to make carbon bonds, 
the size of molecules that breaks releas-
ing energy or the crystal domains that 
accumulates energy. Besides, while in 
biological systems catalytic processes 
are accomplished by specific proteins, 
in artificial photosynthesis inorganic 
catalysts transform target molecules 
into useful products [13].   In addition, 
it has to be underlined that there is a 
close correlation between energy ex-
traction and use and the environment 
[14]. In principle, the environment  is 
the beginning and the end of the en-
ergy sources and energy by-products. 
From this perspective, nanotechnology 
has a great potential within the realiza-
tion of SDG. 

Following with this reasoning and go-
ing one step further, there is the hy-
bridation of nano and microbiology to 
tune up the environment (nano-micro-
biology): Microbial species are used to 
interact with the nanometric inorganic 
world that surround them. Microbes 
extract essential elements from their 
surroundings, from the smallest grains 
and accidents of natural nano and mi-
croparticles [15] as much as microbes 
synthesize NPs of toxic species to min-

eralize them and thus detoxify the en-
vironment. Inorganic NPs can also act 
as electrodes and assist biological pro-
cesses as anaerobic digestion, describe 
as DIET (Direct Interspecies Electrical 
Transfer) or they can act as essential 
element providers to control (promote 
or inhibit) their growth, as the case of 
iron to induce microbial proliferation 
or silver to reduce their proliferation.  
The last case is the one that we employ 
to enhance the production of biogas in 
anaerobic digesters (BioGAS+). 

Methanisation and the carbon cycle 

The majority of the energy around us 
comes directly or indirectly from the 
sun. The small remaining extra portion 
comes from heat at the centre of the 
planet that is slowly cooling, from the 
gravitational pendulum of the moon 
and the seas, and from splitting heavy 
atoms in nuclear reactors. The rest, 
like the wind, is produced by the sun, 
which heats air masses that expand and 
become lighter displacing cooler ones. 
The wind also moves the waves. And 
hydroelectric power, is the Sun who 
pumps up the water. And there is the 
sun energy stored in chemical bonds 
by biology. This is why wood burns. 
And coal is fossilized wood. 

Photosynthesis is a very interesting 
way to store energy. Trees are made of 
condensed air by converting CO2 into 
organic molecules and carbon based 
materials. Only a part of the water and 
little amounts of essential minerals are 
taken by the roots and come up to the 
leaves by capillarity. The roots are also 
made of air, from the CO2 in the air 
that is reduced by the sun via the pho-
tosynthesis. Thus, when the tree and 
the trunk are burned, the heat generat-
ed is a portion of the energy they took 
from the sun to build themselves. A 
portion, because there is always a loss 
of energy in any transformation, dissi-
pated in form of entropy.

A chemical reduction reaction that 
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Figure 1. Carbon cycle.

begins with CO2 in the atmosphere, 
accumulates it in the form of hydro-
carbons and, progressively, in a multi-
step manner, evolves towards carbon, 
petroleum and shale gas. CO2 is taken 
from the atmosphere, digested, trans-
formed into more complex molecules 
and oxygen released. Ironically, the end 
of life in the planet will occur when no 
more CO2 is available in the air, when 
all the Carbon has been buried in solid 
and liquid forms into the rocks and the 
ocean depths.  “Ironically”, the mas-
sive extraction of fossil fuels that is 
taking place nowadays, is subtly alter-
ing the chemical composition of the 
atmosphere by releasing vast amounts 
of CO2 that was previously reduced 
by photosynthesis, thus going back in 
geochemical time, with very apparent 
consequences for climate change [16]. 

All organic matter, the biosphere, in its 
natural reduced state, is immersed in 
an atmosphere rich in oxygen, and has 
stored energy. As such, organic waste, 
pig manure and excrements also store 
energy. When something stops living, 
it decomposes. Being alive prevents 
us from decaying in a few hours. This 
decomposition ends up returning hu-
midity in the form of water vapour, 
degraded organic matter, ultimately in 
the form of CO2, small parts of other 
gases, and ashes with nitrates, phos-
phates and small amounts of other 
inorganic matter. Interestingly, if this 
process occurs in conditions where 
there is a low oxygen concentration, 
such as the naturally occurring under-
water, underground or in man-made 
closed recipients; the organic matter 
can degrade into methane, CH4. This 
is because a fraction of this organic 
matter, in the form of archaea bacteria, 
can breathe the oxygen bound in or-
ganic molecules and release methane. 
This molecule can easily be stored and 
transported for its posterior burning 
into CO2 and water, releasing thus all 
the energy contained in its four chemi-
cal bonds. 

Note that, due to the fact that every 

molecule of CH4 ends up being oxi-
dized to CO2 and that a molecule of 
CH4 causes up to 20 times more green-
house effect than a molecule of CO2, 
it is the responsibility of everyone, in 
order to create a cleaner planet with 
a more stable atmosphere, to prevent 
CH4 from entering the atmosphere 
and rather to introduce it into our 
stoves, vehicles and heaters. When this 
CH4 comes from CO2 in the atmos-
phere that was trapped by recent pho-
tosynthesis, returning it to the atmos-
phere will assure the maintenance of a 
constant concentration of gases in the 
atmosphere, while combustion of fossil 
fuels is altering it. 

This process of transformation of or-
ganic matter into methane, or metha-
nization, is not a spontaneous chemi-
cal process [17].  It is produced by 
consortiums of specialized archaic 
bacteria. These bacteria were among 
the first inhabitants of our planet. It 
is said that in that prehistoric world 
without any free-oxygen on the atmos-
phere, life forms incorporated carbon 
into their organic matter by capturing 
CO2 through photosynthesis. In the 

process they released 2 atoms of oxy-
gen that progressively accumulated as 
a toxic waste in the atmosphere. Oxy-
gen is of course very reactive, and it was 
very toxic back then. This is why we 
can still use oxygenated water, H2O2, 
as a disinfectant. It burns things. And 
it was this waste from life, from initial 
metabolism, that caused the first mas-
sive extinction 2.400 million years ago 
in the Precambrian era [18] (once life 
has been set to be started 3.500 million 
years ago). Not all Precambrian forms 
of life disappeared. Some stayed alive in 
places without a good oxygen supply, at 
the bottom of wells, between rocks, in-
side of living things (the concentration 
of free oxygen inside the body is very 
low; it’s all transported by haemoglo-
bin), and they produce methane. This 
is why sewers explode when there is 
an accidental spark. These bacteria are 
everywhere, proliferating whenever 
they have the opportunity to access or-
ganic matter in the absence of oxygen 
– be it excrement, under skin or corpse.  
When exposed to oxygen, many of 
these microbes die while some form 
spores to wait for more optimal condi-
tions for their biochemical living. 
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All organic matter, the 
biosphere, in its natural 
reduced state, is immersed 
in an atmosphere rich in 
oxygen, and has stored 
energy. As such, organic 
waste, pig manure and 
excrements also store 
energy. When something 
stops living, it decomposes. 
Being alive prevents us 
from decaying in a few 
hours. 

Nanomicrobiology: Iron Oxide nanopar-
ticles to stimulate bacterial proliferation 
and biogas production 

Both anaerobic and aerobic bacteria 
need iron for their functioning, like 
animals, plants and fungi. In fact, all 
life forms base part of their metabo-
lism on the oxidative reduction of iron 
ions between valence states +2 and +3. 
In physiological conditions, iron can 
easily afford to donate or take an elec-
tron. Taking and giving away electrons 
is the essence of (bio) chemistry. Nor-
mally, bacteria does not store iron, as 
mammals do with ferritin, therefore, 
they need to take it from the environ-

ment.  In the environment, there is a 
great abundance of iron in its inor-
ganic form. The planet’s core is made 
of iron and it is the fourth most abun-
dant element in the crust. But it takes 
an important biochemical effort to 
transform the iron found in rocks into 
biologically available, like in blood. For 
us, eating screws or red soil will never 
cure anaemia, but microbes can do it, 
even if they also prefer to take iron al-
ready inserted in the biological units. 
Thus, when bacteria infect an organ-
ism, the largest and most immediate 
genetic expression alteration they ex-
periment has to do with the finding, 
trapping and use of iron for their pro-
liferation. And it is for this reason that 
when bacteria are detected by the im-
mune system, one of the first defence 
actions of the host is to remove iron 
and sugar available in blood  [19]. 

Interestingly, in this context, in con-
ditions of anaerobic breakdown, in 
the absence of oxygen, small doses of 
mixed iron oxide NPs serve as a cata-
lyst that stimulates bacteria metabo-
lism and accelerates the production 
of biogas (a mixture of different gases 
produced by the breakdown of organic 
matter in the absence of oxygen, main-
ly CO2 and CH4). This is based on the 
effects of the presence of essential trace 
elements in the methanogenesis pro-
cess, and the optimized dosing when 
using small unstable NPs that corrode 
and dissolve as ions provider. Thus, the 
process that converts organic waste 
into raw matter for energy produc-

tion is optimized by simply adding a 
small dose of iron oxide NPs either to 
a large waste treatment reactor, a sep-
tic tank or a homemade biodigester.

In fact, the use of small doses of save 
and sustainable iron oxide NPs to 
stimulates bacteria metabolism is a 
core development in what we consid-
er a fairly untouched field of nanomi-
crobiology. Until now, the focus has 
been on the toxicity of engineered na-
noparticles on microorganisms  [20] 
and the antibacterial properties on 
NPs [21], even nanobiomimicry [22] 
but the study of beneficial microbes  
[23] and how designed nanomateri-
als can enhance their natural func-
tion in a save and sustainable way is a 
new approach that deserve attention 
and that can be a game changer to the 
implementation of SDG.

BioGAS+ : The iron oxide nanoparti-
cles aditive

Once reached the conclusion that 
addition of Fe ions to an anaerobic 
bacterial reactor can increase meth-
ane production, we started our jour-
ney from laboratory to market and, 
finally, released BioGAS+. The am-
bition of BioGAS+ is to help solving 
the current underperformance of 
Anaerobic Digestion (AD) Plants by 
introducing the first additive based 
on iron oxide NPs for outstanding 
energy production enhancement 
and/or preventing bacterial disas-

Figure 2.  Fe3O4 nanoparticles during anaerobic digestion.
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ter in biogas digesters [24]. BioGAS+ 
goes far beyond the state-of-the-art 
and contribute to the implementation 
of SDG. The aspiration is to transform 
waste into appealing raw materials 
in an efficient and sustainable way so 
that biogas production is converted in 
a profitable market capable of compet-
ing and surpassing fossil fuels based 
economy effectively [25].

Based on our previous experience in 
the fields of nanosafety & nanosus-
tainability [26] we have developed Bi-
oGAS+ under the principles of “safety 
by design” [27] , “green chemistry” [28] 
and Life Cycle Assessment (LCA)  [29]. 
Regarding safety, we follow broader 
Nanosafety Guidance and Frame-
works published by some European 
institutions focused on nanosafety, as 
NanoRiskCat – A Conceptual Decision 
Support Tool for Nanomaterials (from 
the Environmental Protection Agency 
of the Danish Ministry of the Environ-
ment) [30] , and Working Safely with 
Nanomaterials in Research & Devel-
opment (developed by The UK Na-
noSafety Partnership Group and the 
Institution of Occupational Safety and 
Health (IOSH) within the Health and 
Safety Executive (HSE) of the UK Gov-
ernment) [31]. 

Regarding Sustainability, we are com-
mitted to work in the greenest and most 
environmentally friendly conditions 
possible, by following the 12 Principles 
of Green Chemistry developed by Paul 
Anastas and John Warner in 1998; a list 
of requirements that an ideal “green” 
or environmentally friendly chemical, 
process or product would follow or ac-
complish [32]. 

For this reasons, we are confident that 
the production process of BioGAS+, 
based on magnetite (Fe3O4) NPs fol-
lows all of the aforementioned prin-
ciples: starting with the low inherent 
hazard of the product itself. There is 
plenty of literature about the innocu-
ous or very low toxic nature of magnet-
ite nanoparticles [33],  iron being a life-

Figure 3.  Magnetite (Fe3O4) nanoparticles. 

essential oligoelement, and iron oxides, 
even in the nanometric form, are natu-
ral abundant materials [34].  Our raw 
materials cannot be considered scarce 
or non-renewable feedstock. Moreover, 
in our production process the NPs are 
synthesized in situ in aqueous media at 
room temperature and are always pro-
cessed as a colloid, never as a dry pow-
der, thus avoiding airborne exposure. 
Being carried out at room temperature, 
the production process has a very low 
energetic demand (except for the gen-
eration of the required stirring power). 
The washing waters of the NPs produc-
tion are recovered and directly used as 
base for further synthesis. Regarding 
the application, the size and dose of the 
NPs are purposely designed to com-
pletely dissolve during the tens of days 
of the different anaerobic digestion 
retention times. During the research 
phase, we work under a zero NPs emis-

sion principles, this is the destruction 
of the nanometric nature of the waste, 
this is by either dissolving the NPs 
(normally under acid conditions) into 
molecular species, or increasing their 
concentration and force their irrevers-
ible aggregation, including sintering 

Based on our previous 
experience in the 
fields of nanosafety & 
nanosustainability  we 
have developed BioGAS+ 
under the principles of 
“safety by design” , “green 
chemistry”  and Life Cycle 
Assessment (LCA)
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at low temperatures. This transforms 
nanowaste into well known “macro” 
waste substances that are recycled fol-
lowing the established procedures. 

Launching BioGAS+ iron oxide 
nanoparticles additive for biogas 
output optimization in Colombia 
(BIP-CO)

Colombia, signatory of the SDG Agen-
da, is building a comprehensive regu-
latory framework to combat climate 
change, favor renewable sources of en-
ergy and implement sustainable waste 
management policies with a sustaina-
ble and circular economy vision. With-
in this framework, biogas (a renewable 
energy sources produced during anaer-
obic digestion of organic substrates) is 
repeatedly highlighted as offering a set 
of multipurpose advantages: converts 
organic waste in raw materials, capture 
methane emissions, can be stored and 
supplied on demand, can be converted 
in heat, gas and/or electricity and is a 
decentralized energy source.

In addition, Colombia has identified 
several of those advantages as strategic:
- Within waste management policies, 
as a proper way of dealing with organic 
waste while capturing methane emis-
sions (also helping to reach Climate 
Change emission targets);
- Favoring substitution of Natural Gas 
(NG) vehicle fleet to Renewable Natu-
ral Gas (RNG) in a country where 25% 
of vehicle fleet uses NG;
- Increase local farmers’ living stand-
ards, especially in the ZNI (Zonas No 
Interconectadas – off grid areas).

But Colombia cannot take full ad-
vantage of all this strategic possibili-
ties due to the difficult optimization 
of the complex processes occurring 
inside anaerobic digesters and, as a 
consequence, the low conversion rates 
of organic waste to energy. Existing 
technologies and products approach-
ing these problems only obtain mod-
est production increases or/and re-

quire costly structural changes in the 
biogas process. As we have seen early 
on, to radically reverse this situation, 
BIOGAS+ additive offers a disruptive 
nanotechnology-based innovation.

Because we believe that BIOGAS+ can 
transform biogas energy in a competi-
tive renewable energy source that bring 
its full potential in helping to comply 
with Colombian Sustainable Develop-
ment Goals objectives, we have started 
a project to launch BIOGAS+ in the 
Colombian biogas market through the 
co-creation of a local value chain.

We propose to develop BIOGAS+ val-
ue chain by transferring our know-how 
on the production of BIOGAS+ nano-
particles and integrating the collabo-
ration and active participation of Co-
lombian nanotechnology and biogas 
stakeholders for setting up a set of Case 
Studies.

The introduction of nanotechnology in 
the biogas sector in Colombia requires 
a clear strategy in order to give con-
fidence to final costumers and users. 
Applied Nanoparticles SL and Nanoc-
itec will design and develop a strategy 
based on Responsible Research and 
Innovation (RRI) that implies trans-
parency, communication and dialogue 
and a product development that fol-
lows the safer and sustainable by de-
sign paradigm while implementing 
this technology.

The active participation of biogas stake-
holders will be canalized by the co-cre-
ation and development of three Case 
Studies. Although any Biogas Plant 
is a potential end user of BIOGAS+ 
(regardless of size, feedstock or tech-
nology used) we have requested the 
collaboration of those biogas experts, 
associations and users, that share our 
vision of the role of biogas as a renew-
able energy source. We have chosen to 
focus in biogas plants using waste as 
feedstock (poultry, pig, bovine, agri-
cultural and organic urban solid waste) 
and in those areas where biogas helps 
to the internalization of social, energy 

and environmental externalities (ener-
gy supply in the ZNI Off-grid area and 
biogas plants producing Renewable 
Natural Gas as substitution to Natural 
Gas Vehicle fleet). 

This positioning is underpinned by all 
our commitment expressed in this arti-
cle and our believe that it is possible to 
work for the common good while mak-
ing profitable business (making money 
doing good) within the knowledge that 
sobriety and minimal resources em-
ployment needs to becomes a common 
practice for the future homo sustain-
able.

The authors acknowledge support from the 
European Union’s Horizon 2020 research 
and innovation programe under grant 
agreement nº822273 and Innowwide grant 
agreement 2019-1470 BIP-CO. This docu-
ment reflects only the author’s view and 
the Commission is not responsible for any 
use that may be made of the information 
it contains.
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One of the most challenging problems of the XXI 
century is the global climate change, a problem of great 
complexity that must be confronted from every aspect of 
the actual development state of the humanity.

The industrialization of the 
last century has created an 
increase in the greenhouse 

gases (CO2, CH4, etc) that makes 
inevitable the increase of the global 
temperature. However that can be 
mitigated in several ways, one of the 
most relevant is the change of the 
actual energy mix based on fossils 
fuels. Although in Latin-American a 
great proportion of the energy mix 
is provided by hydroelectric energy, 
the climate changes is also affecting 
negatively this source of power due 
to the change in the dry-wet season 
patterns.  Also there are regions 
where the net power (electrical and 
others) does not reach the total of the 
population, especially in rural zones. 
The renewable energies play here an 
important role as alternative source 
of energy as an action to mitigate the 
global warming. Colombia with an 
important agricultural sector produces 
important amounts of residues that 
can be converted in energy through the 
anaerobic process to produce biogas. In 
this way these residues (biomass) are 
as the same time producing an energy 
product (biogas) as bio-fertilizer 
(manure) from the transformation of 
the organic waste.

The biogas production actually

The transformation of waste to 
produce biogas is known since XIX 

century, however it was from the late 
XX Century and begins of XXI that the 
technology of the anaerobic process 
took impulse due to the renewable 
energy politics to mitigate the climate 
change [1]. The process reproduces 
what in nature occurs under specific 
conditions: absence of oxygen, warm 
temperatures, neutral pH and anaerobic 
bacteria in swamps and wetlands, that 
transform the biodegradable organic 
waste into biogas, a mixture of methane 
(CH4) and carbon dioxide (CO2) plus 
traces of others compounds such as 
H2O, H2S, N2, H2 [2]. To replicate 

The anaerobic process was introduced 
in Latin-American in the 70´s with 
mixed results. Some Countries as 
Chile and Mexico have reached a 
technological development similar 
to European countries while others 
have not reached the real potential. 
The technology had advantages for 
rural isolated zones, where the lack 
of electricity and burn fuels make the 
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the anaerobic process are use different 
types of bioreactors according to the 
environmental, technological and 
financial conditions of the location 
where the biogas will be produce. 

Nowadays the technology has a great 
development especially in Europe 
and Asia[3], as it is represented in the 
total amount of biogas production 
worldwide (Figure 1).  Many countries 
in Europe with important agricultural 
sectors as Germany, Denmark, The 
Netherlands, Spain to mention a few, 
take advantage of the biomass produce 

in agriculture and food industry to 
produce energy as biogas. The biogas 
production is carried out usually in  
big volume reactors 1000 – 3000 m3 
(Figure 2(A)), constructed of steel 
with flexible dome cover and constant 
agitation, highly automated to keep 
the feed constant and the critical 
parameters, specially the temperature, 
controlled.  

Figure 1.  Biogas production presented by continents (2016). Source: WBA, 2018.
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Figure  2.  a) Typical biogas plant in Europe: Lower Saxony-Germany.  b) Typical biodigestor in Latin -America: Meta-Colombia

a)

b)
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Colombia with an 
important agricultural 
sector produces important 
amounts of residues that 
can be converted in energy 
through the anaerobic 
process to produce biogas. 
In this way these residues 
are as the same time 
producing an energy 
product  as bio-fertilizer  
from the transformation of 
the organic waste.
 

on anaerobic digestion, much of 
the current research also focuses on 
improving the biodegradability of 
substrates, to maximize their biogas 
potential and avoid the use of fossil fuels 
in view of the consequences of climate 
change.In agricultural regions the 
majority of the organic waste available, 
can be classified as particulate material. 
This kind of substrate needs to be 
transform in more simple components 
at the first stage of the anaerobic 
process to accelerate the biogas yield. 
Therefore to optimize the process is 
necessary the speed up of anaerobic 
process through the pretreatment 
of the substrate, such as thermal 
processes [5], using microwave [6] 
or other procedures that allow better 
efficiency in biomass transformation 
[7]. Among those is the use of catalytic 
substances [8] as nanoparticles, which 
can optimize the enzymatic reactions 
that occurs during the anaerobic 
process.  That is particularly relevant 
in the actual panorama in Colombia 
were the absence of technological 
devices and small size of the rural 
biodigester makes very difficult the 
implementation of other alternatives. 
Additionally the amount and diversity 
of agricultural waste (Figure 3) shows 
the huge potential that the country has 
in biomass available for the production 
of this kind of energy.  
There are waste residues from corn, 
sugar cane, rice, banana, palm, etc. 
that with the residues from the animal 
sector (pig and cow manure) offer the 
possibility of a stable operation for the 
anaerobic process [9].   

The state of the anaerobic process in 
Colombia has not reached a mature 
development in comparison with other 
countries with similar characteristic; 
production of great amount of biomass 
residues form agricultural activities. 
However subsists hide potential that 
can be exploited in the in rural and 
isolated regions where the standard 
sources of energy are out of the range. 
The lack of technological devices in the 
rural biodigestors usually implemented 

production of biogas attractive [4]. In 
this zones prevailed a less sophisticated 
type of reactor, without technical, 
mechanical or electrical devices 
within, known as tubular biodigester 
(Figure 2(B)). In Colombia, most of 
the reactors for the production of 
biogas (biodigester) found in rural 
areas use this kind of technology for 
the production of biogas. The body of 
the reactor is a PCV tubular bag, where 
the input waste gets in one side of the 
reactor and the liquid effluent exits the 
opposite side.

An opportunity for  nanotechnology

Inside the reactor multiple reactions are 
carried out by a diverse population of 
anaerobic bacteria, which will depend 
of the substrate and environmental 
conditions of the anaerobic process. 
The more established model to describe 
this is divided in four stages: Hydrolysis, 
Acidogenesis, Acetogenesis, and 
Methanogenesis.  The complexity 
of reaction sequenceand bacteria 
population related makes difficult the 
manipulation of a single step of the 
process [2].

Therefore a part of the latest advances 
in the area of biodigestion consist of 
large-scale process automation, due 
to the great influence of the substrate 

in the rural regions of Colombia, makes 
the use of nanotechnology an attractive 
option to increase the  performance in 
the biogas production.
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Figure 3.  Atlas of agricultural residues expressed in TJ/year in the different districts of Colombia (2018). Source: UPME, 2018.
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REAL-TIME
MONITORING

PRESENTATION

Autonomous real-time monitoring of biogas 
composition and relevant variables, is strategic 

to improve the production and quality of this 
valuable energy resource.

A systematic and permanent record and processing 
of variables such as temperature, pH, CH4 and 
H2S concentrations, among others, allows the data 
collection and relevant information to evaluate 
the bioprocesses,  effects of nanoadditives and 
substrate type on performance and composition of 
the biogas produced.

To meet these requirements, the Nanoescalar 
Science and  Technology Center  

“nanoCiTec” has designed 
and manufactured the 
SENTINEL System. This 
system records, sends and 
processes the information 
of the  parameters required 
to monitor and evaluate the 
performance and quality of 
the biodigestion product.

To fulfill one of the purposes 
of the BIP-CO project        
executed by Applied 

Nanoparticles and nanoCiTec,  
which requires the evaluation of  

the BioGAS+ nanoadditive  through case 
studies, three SENTINEL systems have been 

developed to be implemented in the biodigesters 
installed in the Granja la Cosmopolitana.  

Within the framework of the cooperation 
agreement signed between La Cosmopolitana 
and nanoCiTec, it is expected that a study will be 
carried out based on the information recorded by 
the SENTINEL systems.

The SENTINEL system, unique in its type, will 
allow to open spaces of innovation, leadership 
and incorporation of new technologies to meet 
the energy challenge with the incorporation of 
sustainable clean energy production system. 
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SENTINEL at the ser-
vice of nanotechnology 
to improve the quality 
and performance of 
biogas

In the anaerobic digestion processes that lead to 
the generation of biogas and derived products, the 
efficiency and quality of the biogas produced will 
depend among other aspects on the type of sub-
strate, the pH value and the temperature.

Having real-time information on the 
concentrations of the gases produced such as 
methane, carbon dioxide, traces of hydrogen 
sulfide, nitrogen and hydrogen is essential to assess 
and identify conditions to improve performance 
and quality. In addition, it becomes possible to 
obtain information on the degradation processes 
in the biodigester.  The performance and quality is 
related to increasing the volume of methane with 
the reduction of traces of hydrogen sulfide.

Taking advantage of the bio and 
nanotechnological offer,  it is possible 
to improve the amount of 
biogas produced, as well 
as significant reduction 
of hydrogen sulfide. 
However, it is necessary 
to permanently monitor 
temperature and pH since 
they are fundamental 
variables to favor or 
inhibit the growth of 
microorganisms.

The SENTINEL system 
offers a versatile solution 
for autonomous and permanent 
monitoring and measurement of the 
variables of interest such as concentration of 
CH4, H2S, temperature and pH.

SENTINEL was funded by the BIP-CO Project 
and nanoCiTec. The project BIP-CO has received 
funding from the Research Program and 
Innovation of the European Union Horizon 2020 
with reference number No 822273.  
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 This work evaluates the ability of nanoparticles (NPs) to remove arsenic (As+3) from 
water. Metallic NPs of Fe3O4, as well as bimetallic NPs of CoFe2O4 and MnFe2O4, 
were synthesized by chemical coprecipitation. The three types of NPs consist of 
nanocrystals with high monodispersity and excellent stoichiometry, and show 
superparamagnetic properties at room temperature. X-ray diffraction (DXR) shows 
that the NPs have the characteristic intense peak of inverse spinel-like crystalline 
phase in the 311 plane, which is typical of a ferrite. Scanning Electron Microscopy 
(SEM) shows nanocrystals with uniform quasi-spherical morphology; surface area for 
the NPs was 168.8 m2/g (MnFe2O4), 198.6 m2/g (CoFe2O4), and 158.8 m2/g (Fe3O4). 
The size of the NPs, determined by Dynamic Light Scattering (DLS), averaged 12-
50 nm. The removal of As+3 from water was carried out in fixed-bed columns with 
continuous flow and magnetic filtration. Magnetic separation favored the filtration 
and separation of the NPs. The adsorption capacity results show that it is possible 
to reduce the concentration of As+3 below the maximum permissible limit (25 µg/L) 
established by the official Mexican standard for water for human consumption (NOM-
127-SSA1-1994), and that 0.1 g/L of the NPs can achieve nearly complete removal. 
Adsorption results were adjusted with an R2= 0.99 to the Freundlich and Langmuir 
isotherms. The adsorption capacity of the NPs was 115 (MnFe2O4), 130 (CoFe2O4), 
and 43,450 mg/g (Fe3O4).

Arsenic (As) contamination in 
groundwater is a global threat. 
It is estimated that more than 

300 million people worldwide drink 

water with As levels that exceed the 
permissible limit (10 µg/L) [1]. Many 
parts of Latin America are among the 
most severely polluted regions of the 
world [2]. 
The last decade brought new findings 
of As in water for human consumption 
in Argentina, Brazil, Chile, Colombia, 
Ecuador, El Salvador, Guatemala, 
Mexico, Nicaragua, and Peru [2]. 
More than 4.5 million people in Latin 
America are chronically exposed to 
concentrations greater than 50 µg/L 
of As. McClintock et al., 2012, and the 
World Health Organization (WHO), 
2011, outlined the health effects of 
people who are chronically exposed to 
As in drinking water. Vascular diseases 
(premature heart attack) stand out in 
their analysis, as well as respiratory 
diseases, skin lesions and lung and 
bladder cancer [3,4]. 

The application of nano-adsorbents 

for water treatment has become 
increasingly common, due to a high 
removal efficiency for As [5]. The aim 
of this study was to synthesize low-
cost metal nanoparticles that can be 
used in water treatment, specifically 
in the removal of As. In this work, 
the technical and economic viability 
of the three metal nanoparticles was 
synthesized and evaluated, MxFe3-
xO4 (where M=Co and/or Mn and 
x=2).

Methodology

NPs Synthesis
The NPs were prepared by chemical 
coprecipitation [6]. For the synthesis 
of MnFe2O4 NPs, Fe(NO3)3•9H2O 
and MnSO4•H2O were dissolved, 
with a stoichiometry ratio of 2:1, in 
5 mL of deionized water and 1 mL of 
HCl at 1 M. The solution was mixed 
and vigorously stirred. Then, 100 mL 
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of NaOH was added dropwise to 3 
M. Once the addition was complete, 
it was brought to 90 °C for 60 min. 
This same procedure was applied for 
CoFe2O4 NPs, using CoSO4•7H2O 
and Fe(NO3)3•9H2O as precursors. 
Fe(NO3)3•9H2O and FeCl2•4H2O 
were used to produce Fe3O4. NPs 
were then allowed to cool until 
reaching thermal equilibrium with the 
environment. The NPs obtained were 
recovered from the solution with the 
help of a magnet and repeatedly rinsed. 
Afterward, the values of pH were 
adjusted to 6, 7, 8, and 8.5. Finally, the 
products were baked at 50 °C for 48 h 
and subsequently ground.

NPs characterization
The morphology and dimensions were 
ef the NPs were observed through 
scanning electron microscopy (SEM), 
using a FEI Nova NanoSem200 with 
a low vacuum detector. A PANalytical 
X-ray diffractometer model Empyream 
of Malvern with a K-Alpha Cu anode of 
1.54 nm, at an amperage of 40 mA and 
a voltage of 45 kV, with a scanning step 
of 0.02 in 2θ degrees, was used to know 
the crystal structure of the NPs. The 

values of the specific surface area were 
determined by the Brunauer, Emmett, 
and Teller (BET) method, using the 
Quantachrome Nova Corporation 
1000 series equipment. The samples 
were degassed in vacuum at 150 °C 
for 10 h. Also, X-ray photoelectron 
spectrometry (XPS) analyses were 

The last decade brought 
new findings of As in water 
for human consumption in 
Argentina, Brazil, Chile, 
Colombia, Ecuador, El 
Salvador, Guatemala, 
Mexico, Nicaragua, and 
Peru . More than 4.5 
million people in Latin 
America are chronically 
exposed to concentrations 
greater than 50 µg/L of As

carried out with a Thermo Scientific 
Escalab 250Xi instrument. The base 

pressure during analysis was ~10−10 
mbar and the photoelectrons were 
generated with the Al Kα (1486.68 eV) 
X-ray source with monochromator and 
a spot size of 650 µm. The X-ray voltage 
and power were 14 kV and 350 W, 
respectively. The acquisition conditions 
for the high-resolution spectra 
were 20 eV pass energy, 45º take-off 
angle and 0.1 eV/step. The recorded 
photoelectrons peaks were analyzed 
with the Avantage software V 5.41. The 
magnetic properties of the NPs were 
analyzed at room temperature with an 
AGM MICROMAG magnetometer.

Absorption propierties
To evaluate the adsorption of As+3, 
a stock solution of NaAsO2 was 
prepared at a concentration of 40 μg/L, 
and divided into three containers for 
testing, each with 1 L of solution. After 
adding 0.1 g of the adsorbent NPs, the 
pH of the solutions were adjusted to 6, 
7, and 8 by aqueous solutions of NaOH 
and HNO3. The solutions were stirred 
at room temperature for 10 min, then 
transferred to the continuous flow 
column of a magnetic filtration column 

a)
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Figure 1.  a) Scheme and b) photography of magnetic separator and magnetic filtration column.

with high gradient magnetic separation 
(HGMS). The filtered solutions were 
stored in jars for further analysis. 
An HGMS device comprises a bed of 
magnetically susceptible cables placed 
inside an electromagnet or external 
magnetic fields. When a magnetic 
field is applied across the column, the 
wires dehomogenize the magnetic field 
in the column, producing large field 
gradients around the wires that attract 
magnetic particles to their surfaces and 
trap them there [7]. For the successful 
collection of magnetic particles by 
HGMS, the magnetic forces that 
attract the particles to the wires must 
dominate the entrainment of the fluid, 

b)

the gravitational, inertial and fusion 
forces as the suspension of the particles 
flow through the separator. The particles 
were tested in continuous flow columns 
with magnetic transmission. In Figure 
1, the diagram of the column of the 
magnetic transmission is shown.

The total concentrations of As were 
determined by a GBS atomic absorption 
spectrophotometer (Avanta Sigma 
model) coupled to a hydride generator 
(HG-AAS) with flame (air-acetylene). 
Samples were prepared with 3 mL of 
concentrated HCl and 3 mL of KL, 
allowed to stand for 3 h for later 
determination.

Results and Discussion

Brunauer-Emmett-Teller (BET) sur-
face analysis determined that the spe-
cific surface area values of MnFe2O4, 
CoFe2O4, and Fe3O4 were 198.6, 
188.8, and 158.8 m2/g, respectively. 
Figure 2 shows the SEM images of 
a) MnFe2O4,  b) CoFe2O4   and c) 
Fe3O4, where it is observed that the 
samples consist of nanoparticles with 
relatively uniform size and quasi-
spherical morphology. Average sizes 
of 38, 22 and 57 nm were obtained for 
the NPs of MnFe2O4, CoFe2O4 and 
Fe3O4, respectively.

Figure 2.  Scanning electron microscopy (SEM) of NPs:  a) MnFe2O4,  b) CoFe2O4 and c) Fe3O4.
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The XRD patterns of MnFe2O4, 
CoFe2O4, and Fe3O4 are shown in 
Figure 3a-c. Figure 3a corresponds 
to the XRD pattern of the sample 
of MnFe2O4, where the peaks 2θ of 
30.31°, 36.60°, 44.57°, 58.68°, 57.12°, 
and 65.78° are indexed to planes 
(220), (311), (400), (511) and (440), 
respectively; corresponding to the 
cubic structure centered on the face 
of MnFe2O4, according to the  card 
JCPDS- 742403 of the International 
center diffraction data. 
Figure 3b shows the diffraction peaks 
for the sample of CoFe2O4 located at 

the values of 2θ at 18°, 30°, 36°, 43°, 
57°, and 62° with the respective crystal 
planes (111), (220), (311), (400), (511) 
and (400), respectively; corresponding 
with the card JCPDS-22-1086 of the 
International center diffraction data 
[8]. 
The XRD pattern of Figure 3c 
corresponds to the sample of Fe3O4, 
which contains a high coincidence 
with the values and intensities of the 
JCPDS-01-084 3854 sheets of the 
International center diffraction data. 
The sample presented peaks in 2θ 
corresponding to 20.5°, 30.31°, 36.60°, 

44.57°, 54°, 57.12°, and 65.78°, which 
are indexed at (111), (220), (311), ( 
400), (422), (511) and (440) planes, 
respectively, correspond to a cubic 
unitary cell, characteristic of a cubic 
spinel structure [9].
Figure 4 shows the peaks of the 
binding energies of each element, 
as determined by the XPS analysis, 
where the corresponding to the surface 
molar ratio of Fe/Mn and Fe/Co was 
according to MnFe2O4, and CoFe2O4 
was 2:1, which coincides with the 
expected, since, is the ratio of metal 
ions in the solution.

Figure 3.  XRD image of: MnFe2O4, b) CoFe2O4 and c) Fe3O4. Figure 4. XPS for Fe3O4, CoFe2O4, and MnFe2O4.

The hysteresis cycle of NPs was studied 
to verify paramagnetic behavior. 
The hysteresis curve in these NPs 
is shown in Figure 5, in which the 
hysteresis cycle is narrow, typical of soft 
magnetic materials, the magnetization 
of MnFe2O4, CoFe2O4 and Fe3O4 
was 48.39, 58.74 and 28.03 emu/g, 
correspondingly. These properties 
make adsorbents easily separate from 
solution when an external magnetic 
field is applied.

The zeta potential, as a function of the 
pH in contact with the synthesized NPs, 
is shown in Figure 6. The difference is 
negligible between the pH values over 

Figure 5.  Hysteresis cycle of MnFe2O4, 
CoFe2O4 and Fe3O4.
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the zeta potential in CoFe2O4 and 
MnFe2O4, in contrast with Fe3O4. 
However, the charge of the NPs at pH 
2 value is positive, as shown in Figure 
6. For the case of pH 4, 6, 8, 8.5, and 
10, in the NPs the surface of these is 
negative, so the isoelectric point of 
these materials would be at pH 2.

Effect of the removal of As+3 in continu-
ous flow with MnFe2O4, CoFe2O4 and 

Fe3O4
As described in the methodology 
section above, the experiments were 
carried out in a liter of solution with an 
initial concentration of 40 µg/L of As+3, 
and with an adsorbent dose of  0.1 
g/L. The solutions and nanoparticles 
were stirred for 10 minutes at 450 
rpm, after which the continuous flow 
in the HGMS device was 100 mL/

min. Magnetic separation favored the 
filtration and separation of the NPs.
Figure 7 shows the comparison chart 
of the 3 NPs in the removal of As+3 in 
continuous flow, in the Table 1 shows 
the results of the removal of As+3 
with each of the NPs. The results of 
the adsorption capacity of As+3 as a 
function of pH (6, 7 and 8) are reported 
in Table 2.

Figure 6.  Zeta potential as a function of pH of  MnFe2O4,  
CoFe2O4 and  Fe3O4.

Figure 7.   Removal  As+3 in continuous flow.

NPs Ci μg/L CF  μg/L As+3  % Removal

MnFe2O4
40

3.5 92
CoFe2O4 2.1 95

Fe3O4 7.2 82

Table 1.  As+3 removal in continuous flow.

It is shown both in the graph and in 
the table, that the removal of As+3 
with the use of NPs as adsorbents in 
continuous flow occurs in the first 10 
minutes, the removal efficiencies for 
MnFe2O4 and CoFe2O4 are greater 
than 90%, on the other hand, the Fe3O4 
removal percentage is closer to 85%. 
Nevertheless, the final concentrations 
of the three experiments are able 
to enter the NOM-1994 standards 
for water for human consumption 
[10], which makes this type of NPs 

a technology with high technical 
feasibility in the removal of As+3 in 
continuous flow.
The effect of pH on the adsorption 
of ions in the samples with Fe3O4, 
MnFe2O4, and CoFe2O4 is shown 
in table 2. The solution reaches As+3 
equilibrium after only 10 min, probably 
because the NPs have a negative 
surface charge (approximately -98 mV 
for MnFe2O4, -90 mV for CoFe2O4, 
and -75 mV for Fe3O4). H3AsO3 is 
positively charged in the pH range 

of 6-8 used here, and electrostatic 
attraction te the NPs accounts for the 
high adsorption efficiency of As+3.

The application of nano-
adsorbents for water 
treatment has become 
increasingly common, 
due to a high removal 
efficiency for As
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NPs Ci μg/L CF pH 6  μg/L CF pH 7  μg/L CF pH 8  μg/L Qm  mg/g
MnFe2O4

45
1.7 2.1 1.9 115

CoFe2O4 1.2 1.9 1.4 130
Fe3O4 6 7.8 7.2 43.45

Table 2.  As+3 removal in as function of pH.

The adsorption capacity of As+3 

remained similar in the range of pH 
studied; this is possible because the 
lack of competition from the hydroxyl 
groups (OH-) that were generated in 
the adsorption processes, which kept 
the adsorption sites active, and as well 
as the non-deprotonation of the NPs 
[11]. This effect involves a two-step 
ligand exchange reaction: first, the 
hydroxyl group of the metal hydroxide 
is protonated; then, the H2O ligand 
is replaced with the oxyanion, so the 
adsorption is affected by protonation 
of the pH-dependent metal hydroxide 
surfaces. The affinity differences of 
the adsorption between the oxyanion 
species are generally small; this is 
usually attributed to the deprotonation 
of the surface of the metal hydroxides 
with the increase of pH [12]. The 
surfaces of our NPs play an essential 
role in the electrostatic interaction 
towards As+3, for the exchange of 
ligands.

Conclusions

This work presents nanoparticles 
(NPs) with the potential for removing 
As+3 ions from water for human 
consumption. Adsorption capacity 
measurements show that water 
carrying 40 μg/L of As+3 can be 
brought not only below the official 
Mexican standard (25 μg/L), but 
also below of the WHO standard (10 

μg/L). The adsorbents MnFe2O4 and 
CoFe2O4 showed better performance 
than Fe3O4. Within the tested range, 
pH has no significant effect on the 
adsorption of As+3, because As+3 was 
found as H3AsO30 in this range.
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Arsenic’s effects on the human body
Renal effects.  Acute tubular necrosis with acute renal failure. Cronic renal insufficiency. 
Kidney and bladder cancer.
Nervous system. Arsenic may cause sensory-predominant peripheral neuropathy.
Respiratory effects. Laryngitis, rhinitis, bronchitis, tracheobronchitis and Asthma. 
Cardiovascular effects. Coronary heart disease, hypertension and heart attack.
Endocrine system. Diabetes.  
Skin lesions and skin cancer.
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One of the biggest goals in medicine is to regenerate/replace any tissue when it 
starts to malfunction or when it is heavily damaged. One of the possible ways to 
do it is to help the body heal itself faster by promoting cellular grow and replace 
the damaged or missing tissues (regenerative medicine). This can be achieved, 
for example, through preparing conditions and organizing space around cells, by 
using specific scaffolds. Typically, porous structures, which can mimic different 
tissues like skin, bones, heart valves etc. made of organic polymers/composites 
are used. This possibility is also the main reason why they found their way into 
the bio-medical sciences.
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Tissue engineering is an 
interdisciplinary field that 
applies the principles of 

engineering and life sciences toward 
the development of biological 
substitutes that restore, maintain or 
improve tissue or organ function 
[1]. A broader term generally used is 
regenerative medicine, which aside 
of tissue engineering incorporates 
research on self-healing of living 
organisms (Fig. 1). It is well known 
that cells are the building blocks of 
tissues, the basic units of organs, 
which in turn are designed to perform 
more sophisticated functions than a 
single tissue could burden. Groups 
of cells make and secrete their own 
support structure, called extra-cellular 
matrix (scaffold). These structures 
have to do more than just support 
the cells, they are also responsible for 
enabling proliferation, multiplication, 
transporting nutrition, and also act 
as relay station for various signaling 
molecules send by other cells in the 
local environment. That is the reason 
why most of the requirements set for 
scaffolds demand that the structures 
allow the migration of various 

chemical substances and/or cells, 
which typically means pore sizes of 
5-500 µm [2, 3]). In addition to the 
conditions mentioned above, artificial 
structures should exhibit low toxicity 
to the cells, which will populate the 
structure, additionally, should not cause 
inflammation, be biodegradable and 
exhibit specific structural robustness 
(enough mechanical strength to retain 
shape, and provide support for growing 
tissues). Potential materials with 
these characteristics include natural/
synthetic polymers, ceramics, and 
metals.

There is a large group of biologically 
important polymers derived from 
animals or plants which can be 
converted into porous polymers, 
functionalized and then adapted 
to fulfill a new bio-role. They can 
be divided into biological (natural) 
polymers (e.g. carbohydrates, lipids, 
proteins, nucleic acids, gelatine, 
glycosaminoglycan, pectin, chitin, 
chitosan, starch and agar) and synthetic 
polymers: poly(alpha-hydroxy esters), 
polyanhydrides, polyorthoesters, 
polyphosphazens, polyglycolic acid 
(PGA), polylactic acid (PLA) and their 
copolymers. Many of the biological 
tissues are polymeric structures, like 
parts of cardiovascular system, skin, 
and bone like structures. 

Porous solid systems, with 
predominance of open pores in 
the structure, are used in biology/

medicine. They form a diversified class 
of synthetic materials which exhibit a 
lot of remarkable properties dependent 
on the structure type, pore size/shape, 
surface functionalization, etc. For 
example, the porosity of graphene 
aerogel can be so high that the density 
riches 0.16 mg/cm3. Aerogels are gels 
in which the liquid was replaced by air, 
while maintaining the solid structure 
intact. The porosity in such materials 
is sometimes so large that the term 
“science of empty space” is used [4]. 
When designing the pore structure in 
a controllable fashion aerogels can gain 
additional robustness and resilience 
against applied force or mechanical 
deformation (10000 times higher 
stiffness than their starting material 
[5]). Most of these properties became 
extraordinary, special when using mass 
as a normalization factor, which of 
course, in some cases is justified [6].

Bioprinting

The current need for organ/tissue 
replacement, repair, and regeneration, 
with the current low supply of donors, 
has forced scientists to develop scaffolds 
as an alternative to transplantation. 
Preparing personalized tissue 
replacements demands a technique 
which is reliable, versatile and fast, 
which is currently the main obstacle. 
Nevertheless, a technique which might 
fulfill all the requirements is called 
bioprinting, and it is the next step in 
3D printing technology used today. 
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Figure 1.  Principles of tissue engineering in regenerative medicine.

It uses bioinks – suspensions of cells, 
growth factors and polymers which 
can be used in living organisms (as 
scaffold), which are able to withstand 
the forced strain of printing and bio-
application. To accelerate the process 
printing is done simultaneously by 
multiple nozzles, creating in real time 
the entire structure saddled by cells. A 
proposed bioprinter design is showed 
in Fig. 2.

This technology allows the 
manufacturing of structures with 
optimal pore size, spatial distribution, 
geometry, and provides an adequate 
mechanical support for tissue 
regeneration. Currently, there are two 
trends in tissue preparation: i) creating 
general multipurpose/patient tissues 
or ii) customized, after extracting 
patients own cells. The second case 

suggests better results in terms of 
biocompatibility, unfortunately it is 
harder to perform. This is due to the 
time and cost needed when creating 
a tissue from scratch in emergency 
room conditions. These disadvantages 
hopefully may be overcome by 3D 

bioprinters. Basically, to print a tissue 
replacement, patients own cells are 
extracted, separated from unwanted 
cells, proliferated in a Petri dish with 
specific growth factors and applied 
during scaffold printing (Fig. 1). 
The time necessary for gelation and 
cell growth in between each step is 
dependent on the scaffold and cells 
used. As expected, this factor is one of 
the most time consuming steps of the 
whole process. The time demands can 
be minimized by using fewer scaffold 
layers, faster scaffold aging procedures, 
and enhanced cells which will settle 
the new environment faster (effectively 
reducing culture period). Although 
this methodology remains under 
development. It is not hard to visualize 
how a “mature” technology, will have 
the potential to print not only tissues 
but entire organs [9]. 

There is a large group of 
biologically important 
polymers derived from 
animals or plants 
which can be converted 
into porous polymers, 
functionalized and then 
adapted to fulfill a new 
bio-role
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Figure 2.  Bio Printer design “BioFAB 4500 Aimed At Printing Complete Human Organs” [7, 8]. 

in spray from a can, creating a solid, 
porous and breathable structure on 
the wound. Their biggest advantages 
are: very short time of application, 
sterility and easily modification for 
drug transport. This technology is 
developing so fast, right now it is even 
possible to print/spray on the body 
a layer which becomes an item of 
clothing.

A further step in the evolution of 
bandages is an artificial skin – a cover 
that simulates the natural skin. It 
is clear that between bandages and 
artificial skin there is a huge difference. 
First of all, bandages should stop the 
blood loss, allow oxygen transport, 
protect the wound from biological 
contamination and not necessarily 
interact any further with the wound. 
However, a skin replacement should 

Skin

Over the ages people have had to 
deal with different types of skin 
damage, such as cuts, chafes, or, more 
commonly, burns. As a result, a lot 
of protective covers were invented, 
from primitive dressings to cotton 
(cellulose)-based sterile bandages as 
we know them today. 
The concept of wound covering 
textiles with pharmaceutics agents, 
started evolving when the building 
fabrics gained the ability to transport 
drugs. This has been attributed to 
the development of pore structure 
and surface modifications, which has 
allowed different kinds of substances to 
be absorbed/adsorbed and released in 
wounds, as complementary treatment. 
Some of the most promising wound 
covers are liquid bandages, applied 

simulate at best the natural skin, 
additionally; it is not removable 
and should, in optimal conditions, 
become part of the body. Nevertheless, 
natural skin does much more than 
these. It is a complicated structure 
made of multiple layers of specialized 
tissues, functioning as protection (e.g. 
biological, physical, chemical) and 
transducing information about the 
surrounding. To be able to simulate 
skin functions, at least partially, we 
need to use a material that has the 
necessary mechanical, chemical and 
biological properties, ensuring that it 
can be left on wounds for a long time. 
Additionally, it has to be biodegradable 
in a time scale of days (25 days), protect 
from bacteria, and work as a template 
for the synthesis of neodermal tissue, 
which means it has to maintain 
the necessary moisture level, allow 



 53JnanoVol 5No 1

transport of new skin cells and nourish 
them. Cell transport in the new skin 
needs to start immediately, and not after 
the structure degrades. To be able to do 
that the structure needs to be porous 
(pore size ≥ 5 um). Many attempts 
have been made in order to obtain 
such materials, starting with polymers 
like collagen (collagen crosslinked with 
forrmaldehyde, crosslinked collagen-
glycosaminoglycan precipitate) [10-
13], curcumin cross-linked collagen 
aerogels with anti-proteolytic, pro-
angiogenic properties with enhanced 
physical and mechanical properties 
[14]. 

One of the methods of covering wounds 
while simultaneously creating artificial 
skin is so called cell spray-grafting. It 
is based on donor skin cells which are 
separated mechanically and chemically 
with a modified two enzyme isolation 
technique involving dispase and 
trypsin, together with cell washing by 
centrifugation, and then sprayed on 
the wound directly [15]. This method 
is fast, efficient and can be regarded as 
the equivalent of 3D printing, which 
can also be done directly on the body/
wound but with higher precision, 
repetition and accuracy if necessary.
The artificial skin can be fabricated 
from different substances forming 
two specified layers: first, a porous 
layer (dermis) which is covered with 
the second layer, a collagen rich layer 
(epidermis). 
The 3D bioprinting attempts started with 
a stack of collagen layers with inclusions 
of fibroblasts and keratinocytes on 
poly(dimethylsiloxane) [16], but 
unfortunately this procedure was to 
time consuming. Further attempts 
decreased the number of layers to 
two.  The lower layer was a plasma-
derived fibrin matrix populated with 
human fibroblasts and the upper layer 
was formed by human keratinocytes, 
seeded on the top of the fibrin scaffold 
forming a human plasma-based 
bilayered skin.  It is very important to 
remark, that the skin made of donor’s 
own cells has two advantages: it is 
less often rejected and has identical 

pigmentation with the rest of the 
patient’s skin. Time of printing of 100 
cm2 is around 35 min which is more 
than enough for commercial application 
[17]. Further improvements will rely 
on decreasing the cell flocculation 
time and polymerization time of fibrin 
based gels.
The further evolution of artificial skin 
tissue will more likely go into the 
direction that connects new gels with 
flexible electronics, like stretchable 
and self-healing conductors, 
semiconductors, and substrates. An 
example was made by epidermal 
electronic systems, which are 
electronic devices glued on the skin, to 
measure electrophysiological signals: 
electrocardiograms, electromyograms, 
as well as temperature and mechanical 
strain [18]. That is also the first step 
for binding two apparently different 
technologies like artificial skin 
described above and “e-skin”. The 
second model is an artificial skin 
dedicated for robotics or prosthetics. 
It is an artificial material covered 
by a vast amount of sensors which, 
at least in theory, should transmit 
signals from e.g. robotic limbs to brain 
through artificial interface [19, 20]. 
The developments in this field could 
be applied for handicapped people 
with missing limbs. Due to electrical 
connection between limbs and brain, 
people could be using the new parts as 
they own. 
In this aspect, a much more futuristic 
vision relays on combining an 
exoskeleton with e-skin and scaffolds, 
where the porous part would serve as 
the inside protective interface between 
the skeleton and the human body. The 
gel interface could actively absorb 
excessive impact due to its porous 
(sponge) structure and, if necessary, 
release drugs or hinder blood loss by 
changing locally aerogel parameters 
(pore structure - swelling), making 
human body less fragile and maybe even 
stronger due to the robotic exoskeleton. 
For sure this kind of technology will 
find its main application in the army, 
police, for motorbike suits or anywhere 
where human life is at risk. 

Bones

Bones are organs made of two 
types of bone tissue – cancellous 
(inner, 50 - 90 vol% porosity) and 
cortical (outer, 10 vol% porosity) 
bone, which differ in constituents 
and functions [21]. Porous bone 
scaffolds can be made by a variety 
of chemical methods, however 
all of them exhibit disadvantages 
regarding their pore sizes or 
structural properties [22]. These 
disadvantages can be overcomed 
by using bottom up approach, 
e.g. 3D bioprinting, which allows 
to carefully selecting the shape 
of pores, and thus, improving 
mechanical parameters with 
pores large enough to maintain 
cell migration. Additionally, 3D 
bioprinting technology has already 
allowed the creation of three 
dimensional structures designed on 
demand, dependent on a specific 
injury, which was previously known 
from CT or MRI scans. Therefore, 
implants for prosthetics like ears 
or noses can be made much faster 
and in the desired shape (Fig. 3). 

One disadvantage that occurs and 
repeats in artificially produced 
scaffolds is the insufficient elastic 
stiffness and compressive strength 
compared to that of human bone, 
which is the main disqualifying 
factor when using them under 
heavy and/or dynamic load. One 
of the possibilities to overcome this 
problem is to enhance/reinforce the 

The artificial skin can be 
fabricated from different 
substances forming two 
specified layers: first, a 
porous layer (dermis) 
which is covered with the 
second layer, a collagen 
rich layer (epidermis)
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structures by making composites 
e.g. with iron-doped nanoparticles 
[23].

Additionally to this, it is possible 
to recreate the porous structures 
which cover the outer surface of 
bones: cartilage at joints of long 
bones and periosteum everywhere 
else. The first is a smooth elastic 
tissue, rubber-like padding that 
covers and protects the ends of 
long bones at the joints. Thanks 
to 3D printing technology it was 
possible after taking stem cells from 
under the knee cap to recreate this 
protective tissue. This could help 
to treat cancer, osteoarthritis and 
traumatic injury [26, 27]. 

The second structure (periosteum), 
which is a porous structure of 500 
µm thickness acting as interface 
between bone and muscles and 
providing an attachment for 
muscles and tendons, can be 
replicated using natural protein 
fibers [28]. Dependent on the 
material used throughout the entire 
regeneration process, the scaffold 
could be completely replaced by 
newly formed bone [29].

Cardiovascular system

 The cardiovascular system is made 
out of three parts: heart, blood vessels 
and blood. Scientists are struggling 
to replicate each of them due to the 

Figure 3.  Ear scaffold implanted in mice 
[24, 25]. 

fact that cardiovascular diseases are 
the most common cause of death in 
the Western world. The attempts to 
recreate parts of this system, like valves 
or veins, are important in general but 
also are crucial in other related studies 
- advanced organ reconstruction. Large 
cell structures have to be supplied 
with different types of molecules 
in an amount that is impossible to 
provide by a simple porous structure. 
In those cases a network of tubes 
(veins, arteries) of different sizes 
needs to be created. Early attempts 
to develop blood vessel substitutes 
from purely synthetic polymers, like 
expanded polytetrafluoroethylene or 
polyethylene terephthalate, have led 
to failure, especially in small diameter 

vessels (<6 mm). The reason for that 
can lay in the fact that natural veins 
are more complicated - made of three 
layers of cells which differ in structure 
and functions. One of the strategies is to 
“borrow” an existing vascular network 
instead of creating one – for example by 
taking a plant (spinach leave) vascular 
network, removing the plant cells and 
populating the system with human 
heart cells [30]. Being able to make 
blood vessels in the lab from a patient’s 
own cells could mean better treatments 
for cardiovascular disease. Most 
common practice is to use vascular 
grafts - artificial constructs in the shape 
of tubes - substitutes of blood vessels 
- made of biocompatible materials. 
There is always the struggle between 
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biocompatibility and mechanical and 
dynamical properties of engineered 
materials [31].
An interesting strategy is to take cells 
out of the patient and prepare vessels 
invitro and graft them without being 
rejected. Scientist forced the donor cells 
to release proteins (collagen, elastin, 
fibronectin) that covered the surface 
of artificially prepared tubes. These 
proteins structure mimics the shape of 
tubes and can be further grafted to the 
body. Animal (sheep) test showed that 
this scaffold after flushing the floating 
cells out did not cause any immune 
reaction and was able to replace a part 
of animal artery [32].

Artificial heart devices have been 
surgically implanted since the 1980s, 
but no device has been able to replace 
the human heart as effectively as a 
healthy biological one. Common 
problem with it lies in the valve, 
which normally allows blood to flow 
in only one direction. If damaged 
they are operatively replaced with 
synthetic structures (Fig. 4). Due to 
the constant movement they perform, 
it is necessary to made them from a 
material resistant to these conditions. 
They are usually made of polyurethane 
and in the shape of a native heart valve 
(with soft leaflets). The most common 
are surfactant-templated polyurea-
nanoencapsulated macroporous silica 
aerogels, tetramethylorthosilicate 
(TMOS) or copolymer structures.

Organs

After the preliminary stage, where only 
tissues are being made in the lab, the 
next step is to combine the different 
obtained structures into more complex 
“factories” - organs. Much effort has 
been put into building new organs up 
to now and with some positive results. 
It was possible to obtain artificial 
thymus – an organ crucial to the 
human immune system, that could 
produce special cancer-fighting T-cells 
in the body [35], ears [36], bionic ear 
[37], limb (rat leg) [38],	 bladder, liver 

[39], trachea, back discs, kidney and 
human skeletal muscle [40]. 
The applicability of basically porous 
materials is not limited to tissue 
engineering. They can be used among 
others for biosensors [41-46], neural 
cell scaffolds [47], as membranes 
[48, 49] and filters [50, 51]. Fast 
development of the 3D printing 
technology, previously in the industry 
and now also in biology/medicine, 
clearly shows a picture of a new type 
of “printing quality”, with a great 
applicability potential, standing at 
the doorstep of commercialization. It 
is in fact a tantalizing possibility that 
such printed structures could someday 
enhance human capabilities and many 
healthcare treatments.
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Given the current problem of pollution of the environment and in search 
of more sustainable approaches to ensure natural resources for present and 
future generations, it is necessary to find out cleaner strategies for obtaining 
nanomaterials. This is how green synthesis has been emerging for several years as 
an effective and clean strategy for large-scale production of different types of metal 
nanoparticles. 

T he nanoparticles are defined as 
clusters of atoms with at least 
one of their dimensions on 

the nanometric scale (1 to 100 nm), 
which exhibit a very high surface area/
volume ratio with respect to the bulk 
material. Among different metallic 
nanoparticles, silver nanoparticles 
(AgNP) display optical, catalytic and 
antimicrobial properties of great 
interest in different sectors such as 
clinical, textile or industrial [1]-
[2]. These nanomaterials are usually 
produced through physical processes 
with “Top Down” approach where there 
is control over size and morphology. 
However, they also consume energy 
and are highly expensive. It is also 
common to use chemical methods 
with a “Bottom up” approach that are 
effective, but are usually contaminants 
due to the by-products generated after 
the synthesis process [3].

Given the current problem of pollution 
of the environment and in search 
of more sustainable approaches to 
ensure natural resources for present 
and future generations, it is necessary 
to find out cleaner strategies for 
obtaining nanomaterials. This is how 
green synthesis has been emerging for 
several years as an effective and clean 

strategy for large-scale production of 
different types of metal nanoparticles. 
Various biological materials are used in 
the green processes, including extracts 
of plants and algae, from which an 
arsenal of protein, polysaccharide and 
phytochemical compounds that act 
as reducing and stabilizing agents for 
nanoparticles can be obtained [4]-[5].

For this reason, in this study, the 
catalytic activity of green extracts 
obtained from Crescentia cujete 
(totumo), Solanum tuberosum (potato) 
and Actinidia deliciosa (Kiwi) in the 
production of silver nanoparticles 
was explored with the final aim of 
using these nanomaterials in different 
applications in clinical, food and 
environmental sectors.

Materials and methods

The nanoparticle biosynthesis process 
was  carried out following some of 
the recommendations of Rahj S and 
collegues 6 with some modifications 
(see figure 1). The amount of proteins 
and polysaccharide was quantified 
in each extract by using the Bradford 
and Phenol-Sulfuric methods 
respectively. Subsequently, AgNPs 
were characterized by the UV-vis 
spectrophotometry technique. The 
antimicrobial effect of the nanoparticles 
was performed using the diffusion 
method in solid medium. Sensidisks 
with 40 µL of the colloidal solution 
of nanoparticles was deposited on a 
Petri dish containing 0.5 Mcfarland 
concentration (1.5x108 bacteria / 
mL) of the strains of wild E.coli and 
methicillin resistant S. aureus. 

 Results and discussion

Extracts obtained from kiwi, potato 
and totumo presented protein contents 
of 0.0008 mg / mL, 0.0882 mg / mL and 
0.23 mg / mL, while the polysaccharide 
content was 1.1 mg / mL, 1.98 mg / 
mL and 0.9 mg / mL, respectively. The 
results allowed concluding that the 
reducing agent obtained from totumo 
had a higher protein content, thereby it 
would follow a biosynthetic route very 
similar to that reported in Figure 2A[8], 
while the Polysaccharide residues 
would act as stabilizers. In contrast, 
reducing agents obtained from the 
potato, the kiwi, had a higher content 
of polysaccharides, and therefore, the 
biosynthesis route would be more 
adapted to those presented in Figure 
2B ]9]. In the extracts of plants are also 
found phytochemical compounds such 
as flavonoids. Although its content was 
not determined, its presence cannot be 
deleted and therefore, the biosynthesis 
path would be very similar to those 
presented in Figure 2C [10].

The bioreduction process from protein 
agents is usually carried out by nitrate 
reductase NADH-dependent enzymes. 
This process begins obtaining electrons 
from NADH. The nitrate reductase 
enzyme reduces nitrate (NO3-) to nitrite 
(NO2-) and the electron released during 
this process is transferred to the silver 
ion (Ag+) which is subsequently reduced 
to metallic silver (Ag0), obtained from 
this way the nanoparticles [8].  The 
study carried out by Seetharaman P 
and collagues9 reported that in the 
totumo´s extracts there are proteins, 
saponins, flavonoids, cardenolides, 
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 Figure 1.  Schematic representation of the biosynthesis of silver nanoparticles (AgNP) using different plant extracts.

 Figure 2.  Figure 2. Chemical representation of the biosynthesis process of silver nanoparticles using nitrate reductase-type green 
reducing agents (a-protein), Glucose molecule (b-polysaccharide) and flavonoids (c-phytochemicals) [8],[9],[10].
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Among different metal-
lic nanoparticles, silver 
nanoparticles (AgNP) 
display optical, catalytic 
and antimicrobial prop-
erties of great interest in 
different sectors such as 
clinical, textile or indus-
trial

tannins, phenols and hydrogen cyanide, 
which act as reducing agents of silver 
nitrate salt, leading to to the formation 
of silver nanoparticles. In the case of 
the biosynthesis of nanoparticles using 
tubers such as Solanum tuberosum, 
the literature indicates that the glucose 
molecule through its hydroxyl group 
is linked to the Ag+ ion to perform 
substitution interaction forming bonds 
with the oxygen present in the hydroxyl 
groups (OH). In this way, it becomes 
O-Ag. The glucose molecule is a 
polyasociated forms of starch, which 
acts as a stabilizer of the synthesized 
nanoparticles [9]. 

When the reduction is mediated 
by a phytochemical compound, a 
route mediated by compounds such 
as flavonoids is used, which have a 
high redox potential because they 
are constituted by carboxyl groups 
(–C = O) and hydroxyls (-OH) that 
contribute to the reduction of Ag+ to 
Agº. The reactions of Ag+ silver ions 
with hydroxyl groups generate AgOH 
that initially appear as white colloidal 
particles that change to brown color.10 
This can be seen in Figure 3 where the 
solution of the reducing agent and the 
product obtained are shown. 

 Figure 3.  Colloidal solution of nanoparticles obtained from green reducing agents from A) Totumo B) Potato C) Kiwi. The clear 
solution corresponds to the reducing agent while the colored to the biosynthetized nanoparticles.

Characterization by UV-VIS spec-
trophotometry showed an absorbance 
peak between 420-440 nm, given by 
the plasmon resonance effect of the 
AgNP (Figure 4).

The antimicrobial effect of the AgNP 
was evaluated against wild E. coli 
strains and a methicillin resistant S. 
aureus strain. Inhibition assays allowed 
determining that nanoparticles 
obtained from Totumo had a greater 
biocidal spectrum compared to those 
exhibited potatoes and Kiwi (Figure 5). 
Similarly, it was determined that the 
bactericidal effect of AgNP was greater 
on the wild E.coli strain than on the 
antibiotic resistant strain of S. aureus.

Through this assay it was possible  Figure 3.  Biosynthesized UV-Vis spectra using green reducing agents (Coffee-Totumo, 
Green-Kiwi, Purple-Potato).
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determine that the E. coli strain 
is sensitive to AgNP synthesized 
from totumo and kiwi extracts with 
inhibition halos > 20 mm. In the case 
of methicillin resistant S. aureus, this 
bacterium presented an intermediate 
sensitivity to the AgNPS since the 
diameter of the inhibition halo was 
slightly> 10 mm (the sensitivity data 
were taken based on commonly used 
antibiotics to treat this type of pathogen 
according to the NCCLS) [11].

The inhibitory action of the 
nanoparticles depends mainly on the 
size, shape, surface area, concentration, 
pathogens (genus-species) and 
the type of phytoconstituents 
surrounding the surface of AgNPs11. 
Bibliographic reports indicate that 
at the ultrastructure level the AgNP 
have three mechanisms of action: (1) 
cell wall and membrane damage, (2) 
intracellular penetration and damage 
and (3) oxidative stress. [8],[12].

It has been reported that most AgNP 
exhibit a greater antibacterial activity 
against Gram-negative bacteria such 
as E.coli than Gram-positive bacteria 
such as S. aureus. This is mainly due 
to the thickness of the peptidoglycan 
layer, since in Gram positive this layer 
is thicker and more compact. In Gram-
negative bacteria, the petidoglucan 
layer is thinner and is bound to 
lipopolysaccharides (LPS), which 
have a significant contribution to the 
action of AgNP in which electrostatic 
interactions take place facilitating 
adhesion and internationalization to 
the periplasm of these nanomaterials 
[12].

CONCLUSIONS

It was demostrated that the green 
extracts obtained from totumo, 
papa and kiwi have the protein, 
polysaccharide and phytochemical 
components necessary to carry out 
the reduction of substrates such as 
silver nitrate salt and thus producing 
nanoparticles. It was also possible 

to check the microbicidal activity of 
these nanoparticles against strains 
of pathogenic microorganisms very 
common in the food and clinical 
sector. For this reason, synthesized 
AgNPs could be profiled as alternative 
disinfectants to mitigate the presence 
of these pathogens on surfaces and 
therefore in food.
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COOPERATION

Launching BioGAS+ iron nanoparticles additive for 
biogas output optimization in Colombia
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C olombia is building a 
comprehensive regulatory 
framework to combat climate 

change, favour renewable sources of 
energy and implement sustainable 
waste management policies with a 
sustainable and circular economy 
vision.

Within this framework, biogas (a 
renewable energy sources produced 
during anaerobic digestion of organic 
substrates) is repeatedly highlighted 
as offering a set of multipurpose 
advantages: converts organic waste 
in raw materials, capture methane 
emissions, can be stored and supplied 
on demand, can be converted in 
heat, gas and/or electricity and is a 
decentralised energy source.

Colombia has identified several of 
those advantages as strategic:

•	 Within waste management 
policies, as a proper way of dealing 
with organic waste while capturing 
methane emissions (also helping 
to reach Climate Change emission 
targets);

•	 Favouring substitution of 
Natural Gas (NG) vehicle fleet to 
Renewable Natural Gas (RNG) in a 
country where 25% of vehicle fleet 
uses NG;

•	 Increase local farmers’ living 
standards, especially in the ZNI 
(Zonas No Interconectadas – off 
grid areas).

But Colombia cannot take full advantage 
of all this strategic possibilities 
due to the difficult optimization of 
the complex processes occurring 
inside anaerobic digesters and, as a 
consequence, the low conversión rates 
of organic waste to energy. Existing 
technologies and products approaching 

these problems only obtain modest 
production increases or/and require 
costly structural changes in the biogas 
process. 

To radically reverse this situation, 
BioGAS+ additive offers a disruptive 
nanotechnology-based innovation 
that obtains the highest ever-
reported improvement of biogas 
production, together with other 
fundamental benefits. BioGAS+ makes 
nanomicrobiology real. Because we 
believe that BioGAS+ can transform 
biogas energy in a competitive 
renewable energy source that bring its 
full potential in helping to comply with 
Colombian Sustainable Development 
Goals objectives, we propose to launch 
BioGAS+ in the Colombian biogas 
market through the co-creation of a 
local value chain.

BioGAS+ additive offers a disruptive nanotechnology-based innovation that obtains 
the highest ever-reported improvement of biogas production, together with other fundamental 
benefits.

We propose to develop BioGAS+  
value chain by transferring our 
know-how on the production of 
BioGAS+ nanoparticles and asking the 
collaboration and active participation 
of Colombian nanotechnology and 
biogas stakeholders for setting up a set 
of Case Studies.

The introduction of nanotechnology 
in the biogas sector in Colombia 
requires a clear strategy in order to 
give confidence to final costumers and 
users. Applied Nanoparticles SL and 

NANOCITEC will design and develop 
a strategy based on Responsible 
Research and Innovation (RRI) that 
implies transparency, communication 
and dialogue and a product 
development that follows the safer and 
sustainable by design paradigm.

The active participation of biogas 
stakeholders will be canalized by 
the co-creation and development of 
three Case Studies. Although any 
Biogas Plant is a potential end user of 
BioGAS+ (regardless of size, feedstock 
or technology used) we are reques-
ting the collaboration of those biogas 
experts, associations and users that 
share our vision of the role of biogas 
as a renewable energy source. We 
have chosen to focus in biogas plants 
using waste as feedstock (poultry, pig, 
bovine, agricultural and organic urban 
solid waste) and in those areas where 
biogas helps to the internalization 
of social, energy and environmental 
externalities (energy supply in the 
ZNI Off-grid area and biogas plants 
producing Renewable Natural Gas as 
substitution to Natural Gas Vehicle 
fleet). This positioning is underpinned 
by our commitment towards RRI and 
our believe that it is possible to work 
for the common good while making 
profitable business (making money 
doing good).

The ambition of BioGAS+ is to help 
solving the underperformance of 
Anaerobic Digestion (AD) Plants by 
introducing the first additive based 
on iron nanoparticles for outstanding 
energy production enhancement 
and/or preventing bacterial disaster 
in biogas digesters among other 
advantages. The aspiration of BioGAS+ 
is to transform waste into appealing 
raw materials in an economically 
efficient and sustainable way so that 
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biogas production is converted in a 
profitable market capable of competing 
and surpassing fossil fuels based 
economy effectively.

Nowadays the critical advantages of 
anaerobic digestion are countered 
by biogas yields underperformance, 
unsustainable approaches to biogas 
production and the dependence 
on fluctuating subsidies. Applied 
Nanoparticles SL product, the trace 
element supplementation BioGAS+, 
can outstandingly increase the biogas 
yield. 

Concept

BioGAS+ is the first ready to use 
additive based on safe and sustainable 
engineered iron nanoparticles directed 
to the optimization of anaerobic 
digestion processes and, consequently, 
the increase of biogas production. 
BioGAS+ innovative patent and 
strategy is based on results showing 
that engineered iron nanoparticles 
(FeNPs) can optimize anaerobic 
processes enhancing the production 
of biogas, due to their denseness, 
chemical composition, crystal 
structure, nanometric size and high 
reactivity. Applied Nanoparticles offers 
a nanotechnology-based innovation to 
anaerobic digestion, that obtains the 
highest ever-reported improvement of 
biogas production (triple the biogas 
yield with cellulose as feedstock in 
laboratory conditions -DIN-38414)[1], 
among other significant benefits.

Technical description

It is known that addition of Fe ions 
to an anaerobic bacterial reactor can 
increase methane production, however 
introducing such ions can give rise to 
toxicity and excess reactivity. Those 
problems are solved with BioGAS+ 
iron nanoparticles (NPs). Iron NPs 
can be designed to provide ions in 
a controlled manner (corrode and 
dissolve as ions provider). A unique 
Fe optimized dosing source. Thus, the 

process that converts organic waste 
into raw matter for energy production 
is optimized by simply adding a small 
dose of iron NPs to either a large waste 
treatment reactor, a septic tank or a 
homemade biodigester.

In conditions of anaerobic breakdown 
(absence of oxygen) small doses of 
mixed iron oxide nanoparticles (NPs) 
serve as a catalyst that stimulates 
bacteria metabolism and accelerates 
the production of biogas (a mixture 
of different gases produced by the 
breakdown of organic matter in the 
absence of oxygen, mainly CO2 and 
CH4).

BioGAS+ competitive advantages

Although the unprecedented methane 
ratio increase is the most appealing 
advantage of BioGAS+ is only one 
of the advantages reported. Those 
differential advantages are:

1. Improving biomass to biomethane 
conversion efficiency. 

2. Increase in both biogas and 
biomethane production.

3. Better biogas composition (higher 
methane share).

4. Reduction of the digestate fraction.
5. Higher waste degradation . 

6. Increase digestion process stability 
(more reproducible).

7. Acceleration of the digestion process. 
Reduction in retention/residential time 
.
8. Proven to reduce H2S levels 
(precipitated in the form of pyrite).

9. Reduction on the amount of foam 
produced.

10. Enrichment of the residual material 
(digestate) with iron ions to obtain 
by-products with increased economic 
value such as high quality fertilizers. 

11. Solution to inhibitory substances. 
Rescue digesters with problems.

12. Additive (it does not require any 
change in the biogas plant industrial 
process).

13. It does not require pre-treatment of 
the substrate/feedstock or maintenance 
to preserve the microorganisms.

14. Enlargement of biomass feedstock 
(oil, fat, meat) as it has been proved 
suitable for “difficult to digest” 
(recalcitrant) feedstock.

15. Enlargement of biomass feedstock 
(oil, fat, meat) due to the increased 
biogas/methane production.

16. Can be used with any kind of 
anaerobic digester.

17. Reduce AD plant energy 
consumption.

18. Minimize undesirable side 
effects in biogas plants such as the 
odours associated to HS and NH3, 
thus reducing the cost of associated 
conditioning measures. 

19. Precipitation (recovery) of 
phosphorus (in the form of ferric and 
ferrous phosphate).

20. Disinfection of pathogens and 
multi-resistant bacteria.

Patent

The Private Foundation Catalan 
Institute of Nanoscience and 
Nanotechnologies (ICN2), the Catalan 
Institute for Research and Advanced 
Studies (ICREA), and the Autonomous 
University of Barcelona (UAB) are the 
owners of a Patent named “method for 
increasing the production of biogas 
in anaerobic digestion processes of 
biodegradable material by adding iron 
oxide nanoparticles. 

This method is protected in Europe 
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by patent nr. EP2683662 and in the 
USA by patent no. US 9,416,373 B2 
BIOGAS PRODUCTION. The Patent 
owners and Applied Nanoparticles 
SL have signed an exclusive Licencing 
Agreement dated 21/07/2015. 

The inventors of this method are: Victor 
F. Puntes, Edgar González, Eudald 
Casals Mercadal, Ana García Mestre, 
Lucía Delgado Ramisa, Xavier Font 
Segura and Antonio Sánchez Ferrer. 

Biogas yield increase

The biogas yield increase of methane 
of approximately the 30% has been 
consistently reported with industrial 
feedstock from diverse industrial 
sectors. Such increase in methane yield 
is far above any known technology 
aimed at increasing biogas production. 
This is the reason why BioGAS+ have to 
be considered a disruptive technology. 
In addition to such direct methane 
increase, it has to be taken into 
(economic) consi-deration the other 
differential advantages as reported in 
this briefing.

BioGAS+ and recalcitrant feedstock
Furthermore, from the multiple 
studies undergone, it has been proved 
that BioGAS+ product is specifically 
powerful in enhancing the ability of 
anaerobic bacteria to degrade difficult 
or “recalcitrant” organic matter, 
something that we will test and confirm 
in further stages. Thus, our steadily 
shift in focus from urban waste sludge 
to agricultural/cellulosic residues.

BioGAS+ technology development

We started our studies on the potential 

benefits of dosing Fe(III) to anaerobic 
bacteria consortia with remarkably 
high doses of Fe3O4NPs (back then 
we didn’t have the exact BioGAS+ 
formulation sorted out) and in a lab 
controlled atmosphere. For these 
first phase of preliminary studies, we 
teamed up with a research group on 
Anaerobic Digestion at Autonomous 
University of Barcelona led by Prof. 
Antoni Sanchez (http://www.gicom.
cat/). They suggested us to start testing 
the potential of biogas production 
increase of our prototype using micro-
cellulose as feedstock following an 
adapted methodology described by the 
German Institute for Standardization 
(Federal Government of Germany, 
2001)[3]. 

These initial studies using an ideal 
ful ly-convertible-to-biomethane 
feedstock gave very promising results 
with biogas production increases of 
biogas up to a 185% (almost three-
fold) and increases of biomethane up 
to a 230%, as a remarkable increase 
of methane content was also observed 
(from a biogas composition of 48% in 
CH4 without Fe3O4NPs  to a 56% in 
CH4 with Fe3O4NPs). 

These first-stage results encouraged 
us to patent the technology  (process 
in which we had to produce extra 
experimental evidence to support 
our claim) and were summarized in a 
publication on 20144. 

After patenting the technology 
and the publication of the biogas 
boosting effect, we attracted a lot of 
attention which crystallized with a 
3 year incubation award to develop 
the technology under the umbrella 

of Repsol Foundation’s “Fondo de 
Emprendedores” (Entrepreneur Fund). 
Within this incubation period we 
tested many different model feedstocks 
(urban sludge, fat, cellulose…), 
tested lower doses, optimized the 
formulation, etc. 

As per today, we are collaborating in 
further developing our technology 
with different sectoral companies 
(urban waste, meat, agricultural) as 
well as biogas solutions providers, 
while defining the best market entry 
strategy.

NOTES & REFERENCES

[1] E Casals, R Barrena, A García, E 
González, L Delgado, M Busquets-Fité 
et al. Programmed iron oxide nanopar-
ticles disintegration in anaerobic digesters 
boosts biogas production. Small 10, 2801-
2808, 2014.

[2] An improvement of anaerobic diges-
tion of biomass will lead to a less bioac-
tive end-of-waste digestate, being more 
appealing for composting and re-use.

[3] Anaerobic assays were performed in 1.5 
gas-tight reactors, equipped with a pres-
sure transducer to monitor biogas produc-
tion. This standard test provides the param-
eter GB21 for biogas production (GB) 
expressed as liters of biogas measured 
under normal conditions produced per kg 
of initial sample dry matter (l kg−1DM) 
over 21 days. The cumulative production 
of methane was calculated by fitting the 
modified Gompertz model (Eq. 1) to the 
experimental cumulative methane produc-
tion curves. The SigmaPlot 12.0 software 
(Systat Software Inc., California, USA) 
was used to obtain the equation param-
eters, namely P, Rmax and λ (Ponsá et al., 
2011).



 65JnanoVol 5No 1

Bio-NanoenergíaBio-Nanoenergía
Estrategias desde la bio-nanotecnología para mejo-
rar la calidad y producción de biogás

Workshop
El reto energético

Lograr el tránsito hacia una pro-ducción 
sostenible de energía renovable,  limpia, 
competitiva  y eficiente. 

Bioenergía

En un país como Colombia, la generosa 
cantidad producida de  residuos  
orgánicos de origen vegetal  y animal 
-materia prima para producción de 
biogás-,  ofrecen una extraordinaria 
oportunidad para hacer de la bioenergía 
uno de los reglones estratégicos para 
afrontar el reto energético-ambiental 
y atender las metas de desarrollo 
sostenible. 

Se requiere, sin embargo,  mejorar la 
calidad, rendimiento y la relación costo/
beneficio en producción de bioenergía,  
para hacer viable  esta alternativa desde 
lo económico, social y ecológico. 

Bio-nanotecnología frente al 
reto energético

No cabe duda del potencial de oferta de 
la bio y nanotecnología para asumir el 
reto energético.  De los nuevos materiales 
diseñados y manufacturados dentro 
de un contexto de uso responsable 
y seguro con los seres vivos y medio 
ambiente,  se hace posible incorporar 
nuevas estrategias para mejorar el 
rendimiento y calidad de las fuentes de 
energía renovable.  Específicamente, 
para producción  anaerobia de biogás, 
con la incorporarción de nanomateriales  
programados, se pueden reducir las 
trazas residuales e incrementar la 
producción de metano.

Cooperación Internacional

El proyecto: “BIP-CO: Launching 
BioGAS+ iron nanoparticles additive 
for biogas output optimization in 
Colombia”  finaciado por el Programa 
de Investigación e Innovación 
Horizonte 2020 de la Unión Europea, 
a través del proyecto Innowwide 
ejecutado por Applied Nanoparticles  y 
coordinado en Colombia por nanoCiTec, 
pretende favorecer la transferencia 

en conocimientos (know-how) en 
nanotecnología para mejorar el 
rendimiento en la producción de biogás 
en Colombia. 

 Workshop

El Workshop Bio-Nanoenergía: 
Estrategias desde la bio-nano-
tecnología para mejorar la calidad y 
producción de biogas, está orientado a 
abrir un espacio  de interacción entre 
entidades e investigadores para acordar 
la  realización de casos de estudio 
conducentes a evaluar el potencial de 
la nanotecnología para incrementar la 
eficiencia en la producción de biogas. 
Esto dentro del marco de cooperación 
del proyecto BIP-CO.

Organizazado por: 
nanoCiTec
Universidad Santo Tomás -Sede 
Villavicencio

Mayor información:
www.nanoCiTec.org
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