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Abstract

Carbon black (CB) is a diverse and interesting material from an industrial point of view,
mainly as component of composites, reinforcing material, and as a pigment. These matrices
need suitable techniques for establishing morphology, chemical and physical properties,
and potential transformations of CB in order to ensure a proper performance in several
scenarios of use. With increasing global applications, CB flows into the environment during
its lifecycle. Thus, sample analysis and CB characterization in environmental and health
matrices are mandatory. One of the key parameters for analysis is sample preparation,
mainly focused to achieve CB stable dispersions. Measurement techniques are generally
based on image analysis and spectroscopy. The growing application and the need to fully
understand CB performance, have led to the development of separation methods. This
review summarizes the main aspects of CB spotlighted in the wide variety of matrices and
analytical techniques. A discussion about the achievements and goals in the field is done.

Introduction

Carbon Black (CB) is a manufactured amorphous material consisting of a fine black powder
of nearly elemental carbon in the form of spherical particles and their aggregates and
agglomerates [1]. CB is produced mainly by the incomplete combustion of hydrocarbons
under reduced presence of oxygen. Its excellent ability to color, electrical conductivity
and weather and chemical resistances, make it in a powerful material used in a wide
variety of areas. Similarly, the nature of CB surface and the characteristics with respect
to structural organization, porous structure, surface area and chemical composition are
of outstanding importance according to the different uses of CB in specific applications.
The main difference with elemental carbon is the lower content of extractable organic
and inorganic compounds [2]. Likewise, CB is physically and chemically distinct from black
carbon (BC), which is generated as a byproduct from incomplete combustion, being the
amount of carbon content in its structure lesser than 50%.

As can be seen in (Figure 1) science of materials, chemistry, science & technology and
engineering are the subjects where CB nanomaterial (NM) exhibits a higher presence.
These items cover more than 58% of global applicability. Focusing in materials science
and chemistry, a revision about the different uses of CB-NM showed that the utility as
composite or reinforcing filler in tires and other rubber products, electrochemical sensors,
toxicity studies or pigments are predominant [3]. Furthermore, CB-NM has also a role in
environmental science, ecology, food and medicine subjects, which cover a percentage up
to 10% of applicability. This is an evidence of the increasing interest of CB-NM in biological
samples.

The main health concerns associated with CB and other poorly soluble, low-toxicity
(PSLT) particles are lung effects resulting from inhalation exposure, besides the overall
weight of evidence indicates that CB should not be considered a direct genotoxicant
or reproductive toxicant. The International Agency for Research on Cancer (IAARC) has
classified CB as possible carcinogenic to humans. The sizes of CB primary particles range
from 10 nm to 100 nm. A few to many tens of particles immediately form highly branched
chains of primary particles called aggregates, which can agglomerate. CB can cause lung
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Figure 1. Schematic representation of different subjects where CB-NM is used. Source: Web of Science and searched key words “Carbon Black
Nanoparticles”2016-2021.

tumours, chronic inflammation and epithelial
hyperplasia, depending on the particle size,
level of aggregation and/or agglomeration
[4]. Agglomerates can reach up to many
micrometers in diameter, which decrease
cancer risk in humans if their sizes are higher
than 10 pum, which is the respirable particle
size. Thus, the knowledge of the aggregation/
agglomeration stage is useful to evaluate the
potential toxicological issues. Other diseases
associated with exposure to CB in animals,
specifically mice, are the cardiovascular
dysfunctions, sexual and neuro inflammatory
changes, lower sperm production and
disorder male reproductive system.

An analysis provides chemical or physical
information about a sample. The component
in the sample of interest called the analyte,
in this case a solid as CB, and the remainder
of the sample is the matrix. In an analysis the
identity, the concentration, or the properties
of an analyte is or are stablished (Table 1).
Summarizes the most studied CB matrices,
including functions for industrial matrices
or studies carried out for environmental
and health related matrices, and CB used
concentrations and sizes. Considering the
high efficiency in radiation absorption of the
pigment CB, toners, inks, and paints were
analyzed [5]. CB was used for modifying
working glassy carbon electrodes (GC), for
example GC modified by casein-CB (CAS-CB)
was applied for improving the detection limit

of bisphenol A (BPA) sensing in environmental
and milk samples. Functionalized CB
nanospheres and MoS2 nanoclusters were
proposed for the effective electrocatalytic
reduction of chloramphenicol. Moreover, CB
was proposed as filler in nanoclays, resins
or polymers and rubber tires. Note that the
industrial matrices containing CB are solid
and solid-liquid dispersions as (Table 1)
shows, which are very different in CB sizes and
amounts, and compositions. It is interesting
to note that for CB dispersions, stability is a
relevant factor [6].

Considerations on Carbon Black
Nanomaterial

CB is used in several areas of modern life,
considering the range of relevant physicaland
chemicalfeatures, which are showedin (Table
1). The most cited applications including its
use in printer ink, reinforcements for rubber,
active agent in electrically conductive
plastic, and pigments in paints. Additionally,
CB can be used as coatings, papers ink and
cosmetics [7]. CB can be produced by the

following processes: “furnace,” “channel,” and
“acetylene”.

”

The most useful process is the “furnace,
which produces more than 80% of the CB
in the world. Depending on the process,
CB can present different characteristics. In
special, “acetylene” process produces small
CB particles with high complexity of the
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Table 1. Some data related to CB matrices.
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Empty Cell Matrix/Ref CB Phase Function/*Studies Concentration Size (nm)
Toners Solid Pigment 4-20% 3000-10000
Inks Solid-Liquid Pigment 0.2-20% 70-270
dispersion
Paints Solid-Liquid Pigment 20-25% 10-6800
dispersion
Determination of 0.10%
Electrodes Solid Bisphenol A 0.50% <510
INDUSTRIAL MATRICES chloramphenicol
Nanoclays Solid Filler 3% <2000
Resins Solid Filler 14-33% <500
Polymers Solid Filler 10-50% 40-50
Rubber tires Solid Reinforce and filler 20-35% 15-100
16,
Plastics Solid Reinforce and filler 2.5-5%
100-200
Solid-Gas Particle size determination 1.08 mg mL—1; 50 uL
Air di . and toxicological studies (as | instillation volume per 150
Ispersion model)* mouse
Solid 10-1000 mg CB kg—1of
ENVIRONMENTAL Soils Particle size determination soil 20-70 (aggregates)
MATRICES Solid-Liquid and toxicological studies* L . 99reg
R h (CB spikes in dispersion)
dispersion
S ter Solid-Liquid Particle size determination 1_;25?3 (I;f—;;'l:r;s\gltro 35.400
€awate dispersion and toxicological studies* 4
hemocytes
id-Liqui izati 10-500 mg L-1
HEALTH related MATRICES |  Cell media Solid-Liquid Characterization and —— 60-270
dispersion toxicological studies* In vitro assays

agglomerates and higher graphitic content
than those produced by furnace process.
CB primary particle is formed by elemental
carbon arranged in fine particles, which
has an amorphous and quasigraphitic
structure. The average CB particle size
ranges from 3.0 to 100 nm. However, one of
the characteristics of CB is the formation of
aggregates nanostructures, by presenting
semispherical groupings. Moreover, these
aggregates groups, with a distinctly long
dimension, can form agglomerates. Figure
1 was adapted from the Kohjiya et al. article
and schematically displays the CB particle,
CB aggregates, and agglomerates. Figure
2(a) shows typical scanning (SEM) and
transmission (TEM) electron microscopy
images recorded for CB particles. From that,
it is possible to verify the morphological
aspects that confirm the scheme shown in
(Figure 1). CB formed porous structure based
on beads (Figure 2(b)) and the spherical
particles (Figure 2(c)) present an average
diameter of 52.5 nm. CB prepared from
heat treatment up to 700° C may increase
the number of conjugated carbons in the
sp? hybridization, leading to a progressive
increase in the conductivity of this material.

This factor can be associated with electrons
with delocalized n-bonds that are available
for charge storage. In addition, oxygenates
groups are preferentially formed at the
edges of the graphite-like micro crystallites.
This behavior may be interesting to create
an environment to immobilize organic
molecules, such as enzymes and other
biological material. The presence of a great
number of sp? edge plans, the oxygenate
species displayed over the CB particles,
and the CB aggregation forms are intrinsic
linked to the CB electrochemical behavior
[8]. These characteristics show that CB has
the ability to intercalate ions on graphite
layers, which affects electrical conduction
between particles by tunneling and the
surface reaction. In particular, the surface
area, the number of edges planned, and the
structural defects depend on the synthesis
or functionalization processes, which create
several functional groups that can be useful
forthe immobilization of various species, such
as enzymes, genetic material, antibodies,
and nanoparticles. The sum of structural and
electrical/electronic characteristics, ability to
produce stable dispersion without the need
for sophisticated procedures, and the fact that
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Diameter (nm)

Figure 2: (a) SEM images of CB nanostructure, (b) HR-TEM micrographs of CB nanostructure, and (c) the corresponding histogram of the CBs diameters
(the solid line corresponds to the Gaussian fit) (reproduced with permission of Elsevier.

itis an extremely cheap material make the CB
an interesting nanostructured material for
the development of electrochemical devices
for sensing and bio sensing [9].

Raw Materials and Industrial

Matrices

One of the most characteristic aspects of
CB materials is the oil absorption number
as mentioned in section 2, which is related
with the ability of a given CB to absorb
liquids. Besides, the structural information,
crystallinity and graphitic content are
key parameters in order to evaluate its
possible  modification, functionalization
and applicability. In this sense, different
analytical techniques such as Fourier
transform infrared spectrocopy (FTIR),
thermogravimetric analysis (TGA), Raman

spectroscopy, X-ray diffraction (XRD) and
X-ray photoelectron spectroscopy (XPS),
among others, are employed. Furthermore,
other image techniques like Transmission
electron microscopy (TEM) or Scanning
Electron Microscopy (SEM) are also used for
establishing the morphology of samples and
to characterize the particle core sizes and
shapes [10]. Analysis of CB-NM is completed
with techniques, which need to disperse
the raw material, as dynamic light scattering
(DLS) and several separation techniques
such as asymmetrical flow field flow
fractionation (AF4) and sedimentation field
flow fractionation (SdF3) coupled to different
detectors. DLS is employed for studying
the size of aggregates and the mono or
polidispersity of the whole dispersion
and, AF4 and SdF3 give the possibility
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of separating different nanoparticles
populations of different sizes of the studied
dispersion. Those all mentioned techniques
appear in (Table 2), including calculated sizes
from these ones for raw CB-NMs and relative
standard deviation (%) reported in some
papers [11].

Biosensors Based on Nanostruc-
tured Carbon Black

CB is a relatively novel material in the field of
electro analytical chemistry. The first studies
related to investigation of CB as modifier for
sensors preparation were reported only in the
last decade. One of the highlight pioneering
works was the electrochemical sensors
reported by Dang et al. and Zhang. In these
cases, CBwas designated with acetylene black
for the voltammetric sensing of tetracycline,
colchicine, and rutin. The origin and/or
type of CB can affect directly the electro
analytical performance of the designed
electrochemical biosensor [12]. In this sense,
our research group reported recently a
complete study about the electro analytical
performance of GCE modified with different
CB structures. The properties of this low cost
material include fast charge transfer kinetics
and high analytical sensitivity. Therefore, the
identification of the appropriated supplier
and kind of CB is an important factor in the
preparation of high analytical performance
CB-based electrochemical biosensing.

Glucose enzymatic biosensing is a research
topic that has been explored widely in the
literature, due to the relevance of continuous
diabetes monitoring. The use of CB as a
carbon support forimmobilization of glucose
oxidase was investigated by Xiao-He et
al. The better approach for preparation of
the biosensor using poly (PSS) grafted on
the CB surface was studied. The obtained
results demonstrated that CB-g-PSS showed
a good environment for glucose oxidase
immobilization; however, selectivity and

applicability tests were not provided [13].
Carbon nanomaterials are widely explored
to design biosensors based on glucose
oxidase. Thus, it is an interesting approach to
provide a comparison of analytical features
recorded by using biosensors for glucose
constructed with carbon nanomaterials, in
order to verify the real advantages of low cost
and widely available CB nanoparticles. The
great part of works explored direct electron
transfer (DET) between GOx enzyme and the
nanostructured electrode surface. In these
cases, a typical redox process is verified for the
biosensor response in buffer solution, which
is attributed to the enzyme active centre.
Therefore, this constant provides information
about the electron transfer kinetic between
immobilized GOx and electrode surface. CB
nanoparticles were able to ensure a fast DET,
with ks constant higher than those obtained
using SWCNTs, MWCNTs, graphene, GO,
RGO, and SWCNHs with only two exceptions
among twenty-five revised works. From an
analytical point of view, the CB-based GOx
biosensor showed comparable linear range
and limit of detection [14]. In some cases, it
is recorded limits of detection at micromolar
levels. However, it should be observed that
the glucose concentration in human blood
is typically located in the millimolar range
and, therefore, the linear range and limit
of detection provided by the CB biosensor
are adequate. A very important analytical
parameter is the sensitivity. In this case, the
most sensitive biosensors are those designed
with MWCNTs, C60, and RGO. On the other
hand, the sensitivity of CB biosensor is higher
than graphene biosensor and presented
a high sensitivity than several biosensors
constructed with SWCNTs, MWCNTSs, pristine
graphene, GO, RGO, and SWCNHs. Besides
that, from repeatability studies, low relative
standard deviations (RSD) were obtained for
the biosensor response during consecutive
measurements in all the cases. The long-
term stability was evaluated as being the

Review Article

Table 2. Summary of analytical techniques employed to characterize raw CB (2003-2021 period). % RSD: relative standard deviation.a AF4/b DLS.

Empty Cell CB phase measured Dispersant/assisted dispersion by Analytical technique | Size (hnm) | RSD (%)
Dispersion Ethanol DLS 178-233 -
Dried dispersion Idem FTIR, TGA, SEM, TEM 24 |-
Aqueous dispersion Triton X-100, tween 20 and FL-70 SdF3 78-300 20
RAW CB ANALYSIS L ) 387 and
Aqueous dispersion '?'\t/\),/‘;z:ez;r/]goanci?gtlicoiazdr; cell culture medium and AF4-DLS, DLS 175a, 404(2-5
and 175b
Solid - TEM, SEM, Raman 40|-
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percentage of signal variation after some days
of storing in a refrigerator at 4°C. There is not
a standard in the works in terms of number of
storing days and, in general, the biosensors
maintained its initial response after many
days, in special, for the CB biosensor case,
which maintained 94% of its initial signal
after ten days of storing [15].

Conclusions

It is shown that CB and functionalized CB
represent an important carbon nanomaterial
group with a wide range of applications
in different fields and in a high variety of
matrices. Size, structure, characteristic
chemistry surface and intrinsically properties
as mechanical, thermal and electrical, allow
the possible uses as a pigment in toners, inks
or paints, as composites or reinforcing filler
in tires and other industrial products, or as
electrochemical sensors. Moreover, its wide
application gave rise to different analytical
scenarios as pollutant and toxic agent.

Matrices are solid and solid-gas and solid-
liquid dispersions of different nature and
with different amounts and sizes of CB or
functionalized CB. On the other hand, the
different kind of CB synthesis provided
several raw materials. For these matrices
surface chemistry, particle sizes and structure
are the most relevant needed measurements.
For testing these properties, solid directly and
dispersions were used and for solid the main
sample treatment proposed is dispersion.
The particularity of this material is derived
of the several raw materials containing also
several forms of NMs.

The dispersion process is a critical step in
the analysis of CB according to its particular
chemistry. The most used dispersants are
polymeric compounds and cellular culture
media, which can be modified with organic
andinorganic substances, in order toimprove
the dispersive behavior.

For environmental and health samples few
in-vitro and in-vivo assays were carried out
using prepared dispersions and studied CB
effects in vitro or in-vivo. Soils spiked with CB
were tested for toxicological studies. Present
studies only use a CB known concentrations
for carry out toxicity tests, which are based
on the contact between the CB with the
organism studied. The study of CB in animal
organs is referred to the toxicity assays

developed in earthworms and mussels. In
these studies, the effect of CBin the organisms
was evaluated. Isolation and quantitation of
the CBis not carried out in our knowledge.

Regarding the analysis, study,
characterization and separation of this
material, different analytical techniques are
employed. Microscopic technique provides
morphological and structural information,
such as size, orientation, porous structure,
interparticle distances or surface charges. In
the case of spectroscopic techniques, DLS,
FTIR, XRD, EIS and BET are used to obtain
information about particle size, structure and
chemical composition in inks, catalysts or
forensic samples, among others. DLS works
with dispersions and provides information
about CB aggregates sizes and if the
dispersion is mono o multimodal, but gives
global information. Separation techniques
such as AF4 and SdF3 provide information
allowing to evaluate the presence or not
of several NPs distributions according to
particle properties, such as size, composition
or electrophoretic mobility. These techniques
cover a great size range, from a few nm to um.

Tools to determine CB mainly in industrial
matrices have been proposed, however,
environmental and biological samples are still
an unexplored field in terms of isolation and
separation methods for CB determination.
Therefore, more efforts are necessary to
advance in the knowledge of CB as potential
target analyte in the environmental and
health fields. Characterization, study and
evaluation of the possible transformations of
CB in environmental and health matrices are
other topic that needs new efforts.
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