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Introduction
It is well known that physics, mathematics, biology, computer, 

chemistry, material, medicine and engineering sciences, have all vital 
roles in the development and manufacturing of novel nanomaterials 
with tailored properties. Nanomaterials are synthesized for large-
scale by the top-down and bottom-up production approaches 
[1]. The miniaturization of materials using these two approaches 
resulted in fabrication of the one-dimensional nanomaterials, such 
as thin films and engineered surfaces, two dimensional such as 
nanotubes and nanowires, and three dimensional, like multilayer 
and fibrous nanomaterials. All these classes of nanomaterials 
generated immense interest among the scientific community in 
recent years due to their unique properties, mainly arising from 
the quantum confinement effect and extremely large surface-to-
volume ratios, and many of them already are being commercialized 
and used in various applications [2]. 

Nanotechnology products maturity could be categorized to 
products in pilot testing, batch production and bulk production 
[3]. Scaling up the production of nanomaterials is time, cost and 
efforts intensive process. Laboratory experiments are usually 
focused on production sub-gram quantities of the nanomaterial  

 
after several steps including the selection the appropriate 
raw materials and reagents, optimization the methods and 
establishing the optimal conditions of preparation, understanding 
the formation mechanisms, characterization the products and 
studying their properties, and exploring and approving the relevant 
applications. Furthermore, the research efforts is usually turned in 
the development of novel environmentally friendly and economical 
production methods in order to make their production more 
attractive to the industrial sector [4].

Scaling up the process to industrial scale needs to develop an 
economical mass-production method by exploring the efficient 
design of the equipment and manufacturing processes alongside 
with cost estimation studies. Although numerous numbers of 
nanomaterials are commercially manufactured, the industrial use 
of nanomaterials faces many obstacles owing to the lack of suitable 
regulatory framework and guidance on safety requirements, 
as a result lot of promising new nanomaterials never reach the 
market. The present review highlights the applications of some 
nanomaterials in the fields of thin coatings, sensors, adsorbents, 
drug delivery, and catalysts. Limitations hinder the large scale 
production and applications are also included.
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Abstract

Nanomaterials are materials engineered with extremely small particle size having at least one dimension in the range of 1 to 
100 nanometers (nm). It is well established that when materials are produced in nano scale, they demonstrate unique electronic, 
magnetic, catalytical as well as optical properties that candidate them for wide range of applications in engineering, medical and 
environmental fields. An extensive variety of nanomaterials has been manufactured, and already been used in many products 
and much more extensive utilization is expected in the future. The contribution of nanotechnology to research and development 
in industrial sectors results in increasing the efficiency and productivity of the industrial processes and brings huge promise 
in producing new nanomaterials and products, with tailored characteristics that offer unique properties compared to the bulk 
materials. The present review elucidates the role of nanomaterials and its applications in coatings, sensors, adsorbents, drug 
delivery, and catalysts. Several research articles that are addressing the applications of nanomaterials in these fields are included. 
Limitations hinder the large scale production and applications of nanomaterials and the future prospects are also summarized.
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Some Possible Applications of Nanomaterials
Thin coatings field

A coating material is a material in liquid, paste or powder 
form which, when applied, forms a coat on the material surface. 
Surfaces are coated to prevent contact with severe environments 
and therefore protect the underlying surface under the condition of 
reserving its original properties. The application of thin films and 
engineered surfaces have been developed and used for decades in 
fields of electronic devices in particular magnetic storage media 
and semiconductor devices, as well as in chemistry and engineering 
fields. The efficient using of these materials is able to open up exciting 
opportunities for protection and multifunctional modification 
of the surface properties. Nanomaterials possess high specific 
surface areas. In coatings, “surface” translates into “interface” 
between particle and medium. A higher proportion of interfaces 
results in more interaction between matrix and particle and thus a 
toughening of the material. Also, the use of small particles permits 
the application of thinner coatings, or simply the use of less coating 
material [5]. In addition, many studies have proven that coating 
with nanomaterials resulted in more compact and less porosity 
coating compared to conventional coating [6]. Nanotechnology-
based functional coatings typically contain titanium dioxide, silicon 
dioxide, carbon black, iron oxide, zinc oxide and silver.

Regarding the applications of nanomaterials in the field of thin 
coating, various stable nanomaterials based thin films coatings 
were synthesized using wet-chemical approach, electrodeposition 
method, and microwave irradiation technique. The fabricated 
thin film devices have been investigated and suggested for 
promising applications in different industries. Herein, are several 
examples of nanomaterials that can be used for thin film coatings. 
Nanographenes have been tested as protective layers for molecular 
electronics [7]. Coated Cu2ZnSnS4 nanoparticles were used as 
coating films for solar cell applications [8]. ZnO nanoparticle based 
thin-film were prepared and analyzed as transistors for flexible 
electronic applications [9]. Silver nanofilm deposited on glass chips 
are used as Surface Enhanced Raman scattering (SERS) substrates 
for detection and monitoring of permethrin in environment 
and on foods [10]. Titanium dioxide (TiO2) nanoparticles of high 
photocatalytic activity and antibacterial properties were prepared 
by sol-gel process and used as thin layers for self- cleaning 
transparent coatings for windows in outdoors applications [11].

 The influence of silica (SiO2) nanoparticle incorporation in 
a sol-gel based coating was studied. The SiO2 particle surface 
treatment improved coating homogeneity and prevented 
cracking propagation and the corrosion resistance improved 
with functionalized SiO2 nanoparticles [12]. It has been reported 
that creation of nanoscale binary composition film composed 
of SiO2 nanoparticles and appropriate polymer allowed a super 
hydrophobic property which assure maximum protection against 

water of stone based monuments [13]. A new nanocomposite films 
of diamond-like carbon with silver nanoparticle DLC: Ag were 
deposited on textile (synthetic silk) as a part of a smart bandage 
prototype demonstrating antibacterial properties. The DLC:Ag 
layer was stabilized on the surface of the bandage using a thin 
layer of medical grade gelatin and cellulose [14]. The bandage 
structure is shown in Figure 1. Recently, polymer coated metal/
metal oxide–carbon nanotubes coated with a thin polymeric film of 
polydopamine were successfully synthesized and used to fabricate 
thin film nanocomposite membranes for water desalination 
applications [15]. A film of Silver (Ag) nanoparticles in a ZnO 
matrix of tunable optical properties that candidate its usefulness 
for plasmonic applications was successfully synthesized by RF-
magnetron sputtering at room temperature [16].

Figure 1: Principle structure of three layer bandage: 
1. Synthetic silk substrate; 2. Nanocomposite layer; 
(3) Protective layer made from the thin cellulose sheet 
(membrane) and the gelatin layer [14].

Sensing field

Nanosensors are sensors whose active elements include 
nanomaterials. The nanostructures (size) and the materials being 
used are essential in developing nanosensors such as: nanoscale 
wires (capability of extreme detection sensitivity), carbon 
nanotubes (very high surface area), thin films, and nanoparticles. 
Nanosensors are categorized to different classes including and not 
limited to chemical nanosensors (e.g., detecting very small amounts 
of chemical vapors), nanobiosensors (e.g., cancer detection) and 
nanoscale electrometers [17]. Carbon-based nanomaterials have 
wide range of applications including detecting heavy metal ions, 
gas molecules, food additives, antibodies, and toxic pesticides, as 
well as reporters for bioimaging [18]. On the other hand, the unique 
physicochemical, spectral and optical properties of noble metal 
nanoparticles have allowed for the development of new biosensors 
[19]. The use of gold NPs and its functionalization as efficient 
sensors in colorimetric detection of toxic metal ions has been 
reviewed [20]. A quantitative, sensitive and naked eye colorimetric 
sensing of bivalent copper ions using bio-inspired synthesis of size 
and shape controlled silver nanocapsules (AgNCs) is reported for 
selectively and sensitively the Cu2+ ion in industrial effluents with 
an ultralow detection limit of 2.6 × 10−9 mol L−1 [21]. Figure 2 
illustrates the sensing route of silver nanocapsules. 
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Figure 2: Sensing Copper ions by silver nanocapsules [21].

Pd-NPs doped with chitosan–graphene have been employed 
as biosensors for glucose [22]. Metal oxide nanowires are found to 
be promising class of sensing materials owing to easy fabrication 
methods and chemical stability. ZnO nanowires synthesized via 
chemical vapor deposition showed promising suitability for sensing 
applications [23]. Boron-doped silicon nanowires were used to 
create highly sensitive, real-time electrically based sensors for 
biological and chemical species [24]. There are excellent reviews 
available on nano sensors, among is a review on the innovations 
and challenges in the field of metal oxide nanowires chemical 
sensors [25]. The synthetic strategies and the applications of 
Carbon Nanotubes Hybrid Assemblies in amperometric sensors, 
as well as the mechanisms, principles and the performances of 
chemical sensors and biosensors are comprehensively reviewed 
elsewhere [26]. 

Adsorption field

As known, the growing urbanization and industrialization of 
human civilization result in discharge of huge amount of hazardous 
pollutants into air, soil and aquatic streams. The hazardous 
contaminants produce detrimental impact on the biotic resources 
[27]. The huge developments in nanoscience and nanotechnology 
has shown interesting potential for producing nanostructure 
adsorbents that exhibited higher efficiency and faster removal rate 
of pollutants compared to the conventional adsorbents. A variety 
of efficient, cost-effective and eco- friendly nanomaterials with 
unique functionalities have been developed for remediation of 
industrial effluents, groundwater, surface water and drinking water 
[28-30] including nanoadsorbents and nanostructured membranes 
as substituents to the current remediation agents.

In this regard, there are several examples of nanoparticles 
and nanomaterials that can be used for remediation of water, e.g. 
iron-based nanoparticles showed a very high rate of adsorption 
of pollutants from drinking water [31]. Magnetic nanoparticles 
are among the most important group of nanoparticles used as 
adsorbents. Magnetite (Fe3O4) nanoparticles showed preferential 
reactivity for trace elements removal and/or immobilization 
trace elements from contaminated waters and/or soils [32]. They 

are also used for water purifications and degradation of organic 
compounds [33]. A magnetic hetero structured adsorbent: zinc 
ferrite (ZnFe2O4)/organoclay nanocomposite showed efficient 
performance for water purification from some dye pollutants [34]. 
Figure 3 shows the adsorption of dye pollutants onto the prepared 
nanocomposite. Copper oxide nano-particles were prepared and 
fully characterized considering their adsorption properties of heavy 
metals. It was proved that they are promising adsorbent for the 
removal of heavy metals from aqueous solutions [30]. Nickel based 
nanoparticles were also proved as efficient adsorbents for water 
purifications [35]. Recently, new generation of nanoadsorbents 
were prepared and tested for removal of water contamination due 
to the drugs and pharmaceuticals residues. They were found to 
be capable to remove the pollutants even at low concentration i.e. 
μg/L under varied conditions of pH and temperature [36]. The use 
of nanomaterials for the remediation of different environmental 
contaminants is highlighted in a new review by [37].

Figure 3: Schematic diagram of adsorption of dye 
pollutants onto a nanocomposite [34].   

On the other hand, the enhanced properties and effectiveness 
of nanotechnology-based materials makes them particularly 
suitable for removing contaminants from air and industrial gases. 
Nanocrystalline MgO, CaO and Al2O3 have shown remarkably high 
capacities to chemically adsorb typical volatile organic compounds 
that are representative of air pollutants [38]. It is worthy to note that 
CO2 and CH4 are the two most important global warming gases. The 
Fe3O4-graphene based nanoparticles are among the nanomaterials 
used to capture these gases due to their high thermal stability and 
high porosity [39]. The application of nano-molybdenum oxide 
adsorbent in natural gas sweetening process (removal of H2S) has 
been demonstrated [40]. A comparative study has been performed 
on using carbon nanomaterials for SO2 gas removing by adsorption 
[41]. An interesting review on the application of nanotechnology 
for air pollution control is presented elsewhere [42].

Drug Delivery Field

The use of nanotechnology in medical field and more specifically 
drug delivery is growing rapidly. The aims for nanoparticle 
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entrapment of drugs are enhanced delivery to, or uptake by target 
cells and/or a reduction in the toxicity of the free drug to non-target 
organs. Drugs can be either encapsulated within the nanoparticle 
or attached to the surface. The main research topics related to 
design an appropriate nano-drug delivery system is: size, shape 
and surface chemistry of the nanoparticles, drug incorporation and 
release, its formulation stability and shelf life, its biocompatibility 
and biodistribution and targeting, and its functionality. In 
connection, biodegradable nanoparticles with a limited life span 
as long as therapeutically needed would be optimal. Controlling 
and optimization of all the aforementioned issues will result in 
creation of long-lived and target-specific nano-based drug delivery 
system [43]. For the purpose of time and resources effectiveness, 
the optimizing of these parameters is usually conducted through 
designed experiments aided with a computational modeling [44].

A variety of nanostructured drug delivery carriers have been 
studied including liposomes, polymers, dendrimers, silicon or 
carbon materials, and magnetic nanoparticles. The analysis of 
nanocarriers and their connections with drugs are reviewed 
by many authors including [45]. The recent developments 
in the preparation and use of nanoparticles in drug delivery 
are overviewed by [46]. Metal NPs synthesized for biological 
applications are commonly prepared using the colloidal synthesis 
method. This approach utilizes a metal precursor, a reductant, and 
a stabilizer, and allows for the facile tuning of the size, shape, and 
properties of the nanostructures. The surface functionalization 
is one of the most favorable properties of nanoparticles used 
in biomedical applications. The surface of nanoparticles can be 
functionalized with various biomolecules, such as DNA, peptides, 
and antibodies throughout two kinds of interactions; noncovalent 
and covalent. Antibiotics or other drug molecules are able to 
directly conjugate with nanoparticles via ionic or covalent bonding, 
or by physical absorption. Figure 4 shows the possible modification 
and functionalization of a magnetic nanoparticles.

Figure 4: Possible modification and functionalization of a 
magnetic nanoparticles [47].

On the other hand, gene therapy presents an ideal strategy 
for the treatment of genetic as well as acquired diseases. It 
involves modification of the genetic content of the cell through 

the introduction of genes. This approach makes it possible to 
permanently correct the defective gene and thus provide a definitive 
cure [48]. Studies have suggested that metallic nanoparticles like 
Au and Ag, metallic oxides nanoparticles like iron oxide, and carbon 
nanotubes are attractive candidates of delivering all kinds of 
oligonucleotides such as plasmids, double stranded DNA (dsDNA), 
single stranded DNA (ssDNA), and single stranded RNA (ssRNA). 
The oligonucleotides nano delivery systems could have excellent 
therapeutic effects [49]. Nonviral gene delivery systems based on 
molecular nanoparticles with improved properties for the efficient 
transport of nucleic acid payloads for gene therapy was developed 
to mediate the safe delivery of nucleic acids to the target cells [50]. 
Polymeric nanoparticles including micelles/polyplexes, cross-
linked micelles, polymersomes, microgels, and nanogels have been 
heavily investigated, they showed virus mimetic functionalities 
candidate them for RNA delivery [51a]. Also, polymeric 
nanoparticles including chitosan coated nanoparticles have been 
prepared and tested for protein delivery [51b, 52]. In connection, 
nanoparticles including gold nanoparticles have been extensively 
used as vaccine platforms which have potential advantages over 
traditional vaccine platforms, due to their varying sizes, shapes 
and tunable surface properties. Liu and his coworkers reviewed the 
use of gold nanoparticles in HIV/acquired immune deficiency [53], 
while, Kong and his team demonstrated the use of Au nanoparticles 
in vaccines delivery [54].

Catalysis Field

A catalyst is a solid phase that ideally contains large enough 
amounts of site for chemical reactants to adsorb, reacts, and 
desorbs. Chemically, catalysts are the substances that enhance 
the rate of a chemical reaction resulting in desired product. The 
catalytic power of a catalyst lies in its ability to accelerate the 
chemical reaction by decreasing the energy barrier i.e. activation 
energy (Ea) for the conversion of reactants to product (Figure 5). 
Catalyzed reactions often require low consumption of energy and 
occur at low temperature when compared to the reaction that lacks 
a catalyst.

Figure 5: Potential energy diagrams for a single-step 
reaction in the presence and absence of a catalyst.
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The catalytic particle size must be small for expanding the 
surface area and increasing the numbers of catalyst sites [55]. In 
recent years, nanocatalysis has become an emerging field of science 
due to its high activity, selectivity and productivity. Nanoparticles, 
due to their small size exhibit high surface to volume ratio and 
provide larger surface area which can increase speed of chemical 
reaction efficiently. The structure- and shape-based properties at 
the nanoscale, can also affect the catalytic activity of a nanomaterial 
compared to bulk materials [56-58]. Nano particles have the ability 
to catalyze reactions by interacting with substrates and reagents. 
These unique properties of nanoparticles as catalysts derive from 
the large percentage of coordinatively unsaturated atoms located 
at the surface, edges and corners of the nanoparticles compared to 
the total number of atoms [59]. The large surface-to-volume ratio 
of nanoparticles (a very high superficial area) has a straightforward 
positive effect on reaction rate. Besides, from industrial point of 
view, the advantages of make nanocatalysts an excellent catalyst 
is making the process more sustainable by reducing the amount 
of catalyst per kg of product [60]. Nanoparticles from metals 
constitutes became an important branch of catalysis in a number of 
industrial applications owing to their high activity and selectivity, 
for example, Palladium nanoparticles are employed as catalyst for 
the hydrogenations of unsaturated olefins owing to the ability to 
dissociate molecular hydrogen into the atomic state [61].

Numerous numbers of researches documented the biosynthesis 
and the catalytic characteristics of different nanoparticles. For 
example, Platinum nanoparticles obtained using Ocimum sanctum 
(Holy basil) extracts were shown to possess a catalytic activity 
to be used in the production of hydrogen fuel elements [62]. 
Pd nanoparticles biosynthesized using bacteria have effective 
performance as catalyst in dehalogenation of environmental 
contaminants [63]. Green gold nanoparticals showed efficient 
catalytic activity for the reduction of pnitrophenol to p-aminophenol 
in the presence of sodium borohydride [64]. Bio fabricated silver 
nanoparticles showed catalytic efficiency in reduction/degradation 
of different organic dyes [65].

The main drawback of nanoparticles is their tendency to 
undergo agglomeration as they increase in size, thereby reducing 
the energy associated with large surface area. One route to solve 
this problem is by adsorbing these nanoparticles on large surface 
area of insoluble solids. The strong interactions between the 
nanoparticles and the solid support are able to adsorb nanoparticles 
on their surface, stabilizing them against sintering and growth. 
The supports have vital role in providing acidity/basicity or by 
tuning the electronic density of the nanoparticles [59]. Supported 
metal nanoparticles (Pt nanoparticles in mesoporous silica) with 
high catalytic performances have been applied as catalysts for 
biomass conversion. The bifunctional catalysis of acid and metal 
plays the key role for the hydrolysis and reduction of cellulose 
[66]. A photocatalyst of TiO2 on maghemite/silica nanocomposites 

has shown excellent photocatalytic performance in the selective 
oxidation of benzyl alcohol to benzaldehyde [67]. Figure 6 
illustrates the synthesis route and application of Cu nanocatalyst on 
Fe3O4@Nico magnetic nanoparticles for hydrogenation of azo dyes.

Figure 6: Cu nano catalyst on Fe3O4@Nico magnetic 
nanoparticles for hydrogenation of azo dyes [68].

Photocatalysts with TiO2 coated on magnetic particles have 
been reported by many researchers. A photocatalyst of TiO2 
on maghemite/silica nanocomposites has shown excellent 
photocatalytic performance in the selective oxidation of benzyl 
alcohol to benzaldehyde [68]. The application of natural waste 
materials in the field of catalysis has become a substantial research 
area. Recently, a number of new green strategies have been 
described in literature for using biosynthesis routes for catalysts 
production. They are based on the capacity of biomolecules to 
induce the formation of these catalysts. Catalysts are prepared 
using diverse waste treatment processes, some highly complex 
while others are simple to extract and isolate the desired 
components, which are inert/functional supports and/or active 
metals or metal oxides. The synthetic routes to effective catalysts 
can employ either a waste material alone, or their combination 
with additional commercial components [69]. To date, the majority 
of catalysts are either transition metal oxides from industrial waste 
or carbonaceous and alkaline earth oxides from biomass waste. 
A bimetallic heterogeneous nanocatalyst for [3 + 2] cycloaddition 
reaction with easy recovery by using an external magnetic field, 
was manufactured based on Fe and Pd nanoparticles [70]. Further 
biosynthesized heterogeneous nanocatalysts are reviwed by other 
researchers [60]. The key applications of biosynthesized metallic 
nanoparticles including catalytic applications such as reduction of 
environmental contaminants are well reviewed elsewhere [71].

Nanomaterials Limitations and Future Prospects
In spite of nanomaterials present unique chemical and 

physical properties with a wide range of applications, however, 
the full realization of these materials, their potential impact and 
industrialization is hindered by several challenging issues that are 
yet to be completely understood and investigated. The development 
of fabrication processes is essential to the industrialization of 
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novel nanomaterials with lower price, and better functionality and 
manufacturability. The lack of a manufacturing technology capable 
of their production in a continuous and reproducible manner in a 
large scale is a big challenge. Exploring synthetic routes to large-
scale production with low cost is very important for the wide 
spread promotion of the new nanotechnology [72]. On another 
hand, although there has been considerable work to advance 
nanomaterials and its applications, understanding the occupational, 
health and safety aspects of engineered nanomaterials is still in its 
formative stage [73]. The systemic evaluation on the toxicity and 
environmental risks of nanomaterials is essential.

Since the properties of nanomaterials change with time 
and the surrounding environment, therefore, the development 
of nanometrology and further advancement in the existing 
measurement techniques and designing of new ones is required; 
nanoscale structures cannot be manufactured unless appropriate 
characterization methodologies are used [74]. One of the main 
challenges facing the industrialization of nanomaterials for 
catalysis is the lack of in-situ information about catalysts. This 
factor has limited the understanding of catalytic mechanisms and 
the development of catalysts with high selectivity and activity [75]. 
Selectivity is a critically important issue for the commercialization 
of nano catalyst; achieving 100 % selectivity to minimize the 
formation of byproducts is a crucial challenge in catalysis that is not 
fully addressed. Cost and time effective technologies for recovery 
of nanocatalysts and nanoadsorbents used in industrial processes 
is another critical issue needs more researches and investigations. 
Increasing the sensor sensitivity (lowering the detection limits), 
the operational lifetime and cost are also among the challenging 
issues face the industrialization of nano sensors.

Reproducibility, reliability, and stability of devices based 
on nanomaterials are the main factors need to be considered. 
Researchers must keep in mind that when dealing with complex 
or hybrid structures, stability may be reduced, therefore, it is 
important to study the device as a whole, not just the nanomaterial. 
Furthermore, a general challenge faces the manufacturing 
technologies of nanomaterials is the using capping ligands. The 
capping ligands can potentially interfere with the final applications 
of the nanomaterials in microdevices. The development of novel 
manufacturing technologies must be addressed in the further 
research for the continuous synthesis of nanomaterials with 
tailored compositions and tunable sizes in the absence of capping 
ligands.

Conclusion
Wide spectrum of nanomaterials has created huge interest 

among the scientific community in recent years. This immense 
interest is due to their unique properties, mainly arising from 
the quantum confinement effect and extremely large surface-to-
volume ratios. Different types of nanomaterials; monodispersed 

and composites based on metals, metal oxides, metal alloys, carbon, 
and polymers have been manufactured and already are being 
commercialized and used in various applications including thin 
layer coatings, sensing, (drug, gene, protein and vaccine) delivery, 
as well as adsorption and catalysis. However, the full realization of 
these nanomaterials, their potential impact and industrialization is 
hindered by several challenging issues that are yet to be completely 
understood and investigated.
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