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ABSTRACT: Characterization of carbon black (CB) nanomaterials is required in
industrial and research areas. Hence, in this study, asymmetrical flow field flow
fractionation coupled to UV−vis and DLS detectors in series (AF4-UV−vis-DLS)
was studied to evaluate the CB dispersion behavior in polymeric and biological
dispersants, given the relevance of these media in practical applications. Under the
experimental conditions, the results indicated that polymeric and biological
dispersions showed size distributions with hydrodynamic diameters of 404 and 175
nm, respectively, for a particle core diameter of 40 nm. The polymeric dispersant
provided lower stability as a function of time than that achieved by the biological
dispersant. AF4 allowed separation of different core-sized CB (40, 69, and 72 nm)
according to their hydrodynamic size using cross-flow rates of 0.5 mL·min−1 and 1
mL·min−1 for polymeric and biological dispersants, respectively. The dilution of
the polymeric dispersion with different real water matrices produced a dramatic
loss of dispersion stability, this effect being negligible in the case of biological
dispersions.

■ INTRODUCTION

Carbon black (CB) is a quasi-graphitic form of almost pure
elemental carbon, which is produced commercially under
controlled conditions from incomplete combustion of aromatic
hydrocarbons at a high temperature. The synthetic process
generates a wide variety of particles with different character-
istics of particle size, surface area, structure, and surface
chemistry, which are important with regard to the current CB
applications.1−3

CB as pigments4 or nanofillers5 has given rise to interesting
areas of research. Moreover, its versatility, electrical con-
ductivity, and easy functionalization make it one of the most
common materials used for improving different industrial
products and compounds in several areas. CB is used in a
variety of essential items6 such as tires, plastics, food contact
specific grades, batteries, high-performance coatings, rubber
goods, pipes, agricultural irrigation, mulch films and green-
house covering, automobile skin contact, wires and cables, and
toner and printing inks. Among these, specific mention can be
made of incorporation into rubbery polymers to increase
mechanical properties.7 CB is also of use in electrochemical
(bio)sensors for environmental contaminants and enzymes.8,9

The improvement of nanofibers and nanocellulose composites
containing nanofibrils and nanocrystals has also been carried
out by using CB.10,11 In addition, CB is an important material
as a support in electrochemical catalytic systems.12,13

On the other hand, toxicological studies using CB as a
model particle have been reported to simulate environmental
carbonaceous particles in medical and health science.14,15

These studies lead to establish its possible toxicological effect
in cells or organisms.
The development of methodologies to characterize and

quantify CB for obtaining reliable information is a challenge in
analytical chemistry. From an analytical point of view, interest
lies in matrices such as industrial, environmental, and
biological samples, taking into account applications indicated
in the previous paragraphs.
Taking into account the different scenarios where CB is of

interest, polymeric and biological dispersants have been widely
used. In aqueous media, polymeric dispersants interact with
the CB surface via different electrostatic forces to build
voluminous shells or intensify charges around the surface,
preventing nanoparticle flocculation, coagulation, and aggre-
gation, thereby allowing their dispersion.16 Thus, ink
industry,17−21 fiber research studies,22 and electrochemical
studies23 use these dispersants in their procedures. On the
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other hand, CB dispersions in cell cultures have also been
proposed for biological analysis and toxicology studies.24−27

However, CB aqueous dispersions are limited due to their low
stability and homogeneity. Therefore, a deeper knowledge
about CB dispersions is demanded in research and industrial
applications to achieve reliable information.
Imaging techniques such as transmission electron micros-

copy (TEM) and scanning electron microscopy (SEM)28,29

and optical techniques, mainly dynamic light scattering
(DLS),30,31 have been proposed to determine the physical
and morphological properties such as particle size, hydro-
dynamic diameter, or surface structure. On the other hand,
Raman spectroscopy, UV−vis spectroscopy, and electro-
chemical impedance spectroscopy have been used to evaluate
chemical structures32 for characterization of surface modifica-
tion30 and nonaqueous dispersions,33 respectively. These
techniques have proven to provide relevant information
about important properties of CB. However, CB analysis
using the abovementioned techniques is limited since size
distribution and composition information are not obtained
simultaneously. For this aim, a separation technique is needed
in order to achieve an accurate particle size distribution.
Indeed, separation techniques based on different principles are
getting more relevance in nanomaterial field in general and in
particular for CB characterization and determination.
In this context, electrophoresis has been proposed for

quantification studies on biological samples;24 however, size
distribution is not defined. For this aim, asymmetrical flow
field flow fractionation (AF4) has been demonstrated to be a
powerful separation strategy in the characterization and/or
determination of several (nano)materials.34,35 AF4 coupled to
UV−vis and DLS detectors in series is a very useful technique
for characterization of a wide range of particle dispersions
allowing their separation and establishing their distribution and
stability.36,37 The AF4-UV−vis system was employed to
analyze only the size of CB particles used in ink by dispersing
CB powder in aqueous media containing polymeric
dispersants.38 However, stability studies on different dispersant
matrices have not been yet performed for CB. AF4 can
determine the suspension behavior through the separation of
different size distributions present in the bulk dispersion and
allows quantification studies.
Thus, the objective of this study is to evaluate stability and

fully characterize polymeric and biological CB dispersions by
using the AF4-UV−vis-DLS. Size and composition distribu-
tions have been studied under different experimental
conditions as a function of peak symmetry, sensitivity,
precision, and resolution. The fractogram profiles have been
studied in different real water samples as an stability
application example to study the influence of dispersive
media in environmental analysis due to the growing concern
about this nanoscale material in the environment.

■ RESULTS AND DISCUSSION
Characterization of Several Solid CB Samples.

Characterization of solid nanoCB bulk samples (N326,
N550, and N722) was performed by SEM, TEM, and
Raman spectroscopy. TEM microscopy was used to estimate
the average core size of these nanoparticles. The measurements
revealed particles sizes of 40, 69, and 72 nm for N326, N550,
and N722, respectively. These results were in concordance
with the specific surface area values given by the manufacturer.
As it was expected, N550 and N722 showed a similar specific

surface area (SSA) and SSA for N326 was higher, which was
correlated with a smaller particle size.
The particle size obtained by TEM measurements also

correlated with the size obtained by SEM analysis. Figure
1a.1−a.3 shows the micrographs obtained with SEM for N326,

N550, and N722, respectively. The morphology of particles
was similar and aggregates of spheroidal and ellipsoidal
primary particles were present in all cases.
Different Raman bands were observed in the analysis of the

N326 sample. The presence of bands at 1300 cm−1 (D1) and
2950 cm−1 (D1 + G) was in agreement with the CB structure.
Moreover, the band D3 at 1500 cm−1 corresponded to
amorphous carbon. In particular, band D3 can be related to the
amount of sp3 carbon between sp2 carbon rings, and the D4
band was attributed to hydrocarbon components or aliphatic
moieties grafted. Similar bands were observed for samples
N550 and N722, which corroborates possible CB structures.39

Characterization of nanoCB Dispersions. Taking into
account some scenarios where CB can be an analyte of
interest17,22,23,27 as mentioned in the Introduction section,
both polymeric and biological dispersants were studied (see
Materials and Methods Section for preparation). Figure 2a,b
shows the optical microscopy images of CB dispersions in each
dispersant, respectively. This technique was used for character-
izing the bulk dispersion; particularly, self-assembly droplets
within the μm interval constitute its external structure in the
case of a biological dispersant, which contained a surfactant in
its composition, Tween 80, too.
In this study, a mixture of acrylic acid and styrene was used

as a polymeric dispersant since it has been demonstrated to be
used as a dispersant that can confer stability and low viscosity
to the dispersion. The mechanism involved is schematized in
Figure 2c. The structure was a random copolymer containing
polar and nonpolar moieties. As the polar part, acrylic acid
provided solubility in water. Other monomers acting as
nonpolar parts, such as styrene, bind with nanomaterials
mainly through van der Waals forces. Hydrogen bonds
between carboxyl groups present in the material surface and
polymer were also done.40 When a dispersant contains both

Figure 1. SEM micrographs of (a.1) N326, (a.2) N550, and (a.3)
N722. (b) Raman spectra of CB N326. The inset shows the
characteristic Raman bands between 1000 and 1500 cm−1.
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polar and nonpolar components such as these considered, it
can stabilize CB particles in water, working as a type of
surfactant.17,20 Pigment dispersion was usually stabilized in
water via the electrostatic repulsion of charges.17,20,23,41

On the other hand, the biological dispersant studied in this
study is based on a cell culture media. This dispersant was a
high ionic strength solution, buffered at physiological pH and
containing different proteins or nutrients, Tween 80 and
supplemented with L-alanyl-L-glutamine dipeptide in one of the
two studied media. These compounds contribute to the CB
capping, mainly proteins.42,43 The self-assembly droplets
provided an external environment for CB capping, and the
schematic diagram is shown in Figure 2d. It should be noted
that these structures were not observed in the case of
polymeric dispersant.
A TEM analysis was carried out to establish the different CB

structures present in both dispersions. Moreover, AF4-DLS
measurements were performed at different concentration levels
in order to test linearity for quantitation purposes and study
the main size populations. Sample N326 was selected as the
target analyte.
The structure size of CB dispersions has a significant impact

on the nanomaterial properties. Typically, primary particles
combine to form aggregates of different sizes and agglomer-
ates.44 As can be seen in Figure 3, TEM images allowed the
observation of different forms of aggregates and agglomerates
in the bulk dispersions. For the polymeric dispersant, Figure
3a,b shows primary particles dispersed individually. Mean-
while, Figure 3c,d shows several aggregates with linear,
spherical, and ramified forms present in the polymeric
dispersion.
Similarly, the biological dispersion showed a variety of

structures. In Figure 3e, the dispersion of different individual
particles can be observed. Figure 3f,g shows some linear,
spherical, and elliptic structure forms. Meanwhile, in Figure 3h,
a spherical agglomerate with a size larger than 200 nm
composed of different individual particles is observed.
Using the polymeric dispersant, different CB dispersions

from sample N326 were prepared and analyzed using the AF4-
DLS system using a cross-flow of 0.5 mL·min−1 and in batch
DLS. Figure 4a,b shows the obtained fractograms, which

provided a linear relationship between peak area versus
concentration with a satisfactory regression coefficient (R2 =
0.99). In terms of peak characteristics, a symmetric well-
defined profile was obtained. Table 1 shows the width at half-
height and the tailing factor for each dispersant. The calculated
tailing factor for the polymeric dispersant was 1.64 and it can
be correlated with the level of monodispersity provided. TEM
micrographs were in agreement with the results since mainly
homogeneous particles can be observed (core size of 40 nm)
(Figure 4b).
The same study was carried out using a biological dispersant

and sample N326 as the target CB too. Two biological media
were studied, Tween 80 + DMEM/F-12 and Tween 80 +
DMEM/F-12 supplemented with L-alanyl-L-glutamine (see
Materials and Methods Section). The resulting dispersions and
their dilutions were injected in the AF4-UV−vis-DLS system
using a cross-flow of 0.5 mL·min−1 (Figure 4c,d). As can be
seen, the use of this dispersant also resulted in a single peak but
with a higher width than that obtained with the polymeric
dispersant. The tailing factor in this case was 4.9, which was
attributed to a wide size distribution in the biological medium.
Indeed at 36.2 mg·L−1, a peak shoulder was observed in the
AF4-DLS peak.

Figure 2. Optical microscopy images of CB dispersions in (a)
polymeric and (b) biological dispersants. Mechanism involved in the
dispersion of CB using (c) polymeric dispersant and (d) biological
dispersant.

Figure 3. TEM images of CB structures in (a−d) polymeric
dispersion and (e−h) biological dispersion.
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Precision studies were also carried out for this purpose, and
the relative standard deviation (% RSD) was calculated. The
results obtained for three replicates showed that RSD values
were lower than 5% for the CB polymeric dispersion and
1.74% for the CB biological dispersion (see Figure S1 in the
Supporting Information, SI). The precision achieved by the

biological dispersant was better than that obtained by the
polymeric dispersant.
Batch DLS measurements (% intensity vs particle size) are

shown in Figure 4e,f for both dispersions. A wider size
distribution was obtained for CB in the biological medium
compared with the polymeric one. Table 1 shows the
hydrodynamic diameters, both from AF4-DLS and in batch
DLS mode providing similar values. A single population with
the calculated size is the predominant one in dispersions. The
hydrodynamic diameter (dhydro) for CB dispersed in the
biological dispersant has a value of 175 nm. Similar sizes were
obtained for the cellular dispersant without the supplement
(see Figure S2 in the SI) although the signals of the
fractograms were smaller than that obtained with the more
complex cellular dispersant. For the polymeric agent, dhydro was
404 and 387 nm in batch and AF4-DLS, respectively,
indicating a smaller dispersion capacity that that achieved by
the biological dispersant.
Zeta potential was also measured (see Table 1), providing

positive values for the polymeric dispersant, which were in
agreement with the polymer charge, and negative values for the
biological dispersant related to the chemical structure of the
biological medium. The cellular dispersant without a supple-
ment provided values of zeta potential around −12 mV (see
Figure S2 in the SI) instead of −19 mV provided by the
cellular dispersant with the L-alanyl-L-glutamine dipeptide.
Furthermore, linear calibration graphs were obtained with a

satisfactory regression coefficient (R2 > 0.995). The slope
obtained for the CB biological dispersant was (1.22 ± 0.07)·×
107 mg−1·L in a working concentration range of 3.6 to 36.3 mg·
L−1. Meanwhile, the value for the CB polymeric dispersion was
(1.5 ± 0.8) × 106 mg−1·L, in a concentration range of 14.0 to
140.0 mg·L−1. Thus, the use of the biological dispersant gave
rise to higher sensitivity. This means that detection limits for
CB were lower by employing the biological dispersant. As can
be seen in Table 1, LOD for the CB biological dispersion was
0.16 mg·L−1 and for CB polymeric dispersion, it was 1.38 mg·
L−1.
The presence of the L-alanyl-L-glutamine dipeptide in the

biological medium gave rise to an increase in CB dispersion. In
order to prove this, a biological medium without this additive
was studied in the same working concentration range. DLS
fractograms provided satisfactory regression with a slope of
(9.9 ± 0.3) × 106 mg−1·L. The results indicated that the slope
was higher in the presence of L-alanyl-L-glutamine (see Table
1), which meant an increase in dispersed CB. In addition, the
peak width and tailoring factor were similar in both cellular
media (see Figure S2 in the SI).
The stability of CB dispersion was studied for N326 CB

using the biological supplemented dispersant. The slopes of the
linear equation within the intervals 1.9−9.6 and 0.60−2.75 mg·
L−1 were (1.13 ± 0.04) × 107 and (1.15 ± 0.08) × 107 mg−1·L,
respectively. These results indicated that biological CB
dispersion showed suitable dispersion stability in a wide
concentration range since no significant differences were
found. For N550 and N722, similar results were obtained.

Effect of Time on the Analytical Response of NanoCB
Dispersions. Figure 5a shows the % DLS fractogram signal
for CB (N326) dispersion with polymeric and biological
dispersants using as a reference the intensity obtained for CB
dispersion at day 0 considered as a fresh dispersion.
As it can be seen, for the polymeric dispersant, the results

indicated that the DLS fractogram decreased as a function of

Figure 4. Results obtained for CB dispersion from sample N326
prepared in both studied dispersants. (a) DLS fractograms at different
concentration levels using the biological supplemented dispersant
with the L-alanyl-L-glutamine dipeptide. (b) TEM image of CB
dispersion in the biological dispersant. (c) Zeta potential and
hydrodynamic diameter results obtained by DLS analysis in batch
and AF4-DLS using polymeric and biological dispersants. (d) DLS
fractograms at different concentration levels using the polymeric
dispersant. (e) Histogram−DLS measurement in batch of polymeric
dispersion. (f) Histogram−DLS measurement in batch of biological
dispersion.

Table 1. Peak, Physical, and Analytical Parameters for
Sample N326 in Polymeric Dispersant and Biological
Supplemented Dispersant

dispersants

parameters polymeric biological

peak
width half-height, W1/2 (min) 0.63 0.82
tailoring factor 1.64 4.9
physical
dhydro (nm) (DLS) 404 ± 4 175 ± 4
dhydro (nm) (AF4-DLS) 387 ± 6 175 ± 3
Zpotential (mV) 23 ± 2 −19 ± 1
analytical
sensitivity (mg −1·L) (1.5 ± 0.8) × 106 (1.22 ± 0.07) × 107

LOD (mg·L−1) 1.38 0.16
precision, RSD (%) 5.0 1.7
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time. 90% of the signal was lost in 1 day, showing low stability
in this dispersion medium. An ultrasound treatment of these
dispersions before the injection only improved the signal
reduction by 70%. Particle sizes for different CB dispersions on
different days were analyzed (after the ultrasound treatment),
see Figure 5b. For the CB polymeric dispersion, the particle
size increased as the stability decreased, which corroborated
the aggregation of CB.
On the other hand, a stable dispersion was obtained for the

CB biological dispersant since the signal was constant over
time. In this case, the CB size was between 175 and 180 nm as
a function of time, demonstrating the stability of CB in this
dispersant.
CB Separation. In order to evaluate CB separation with

the AF4-UV−vis-DLS, three different CB samples (N326,
N550, and N722) were dispersed using both dispersants,
biological and polymeric, following the procedure described in
the Materials and Methods Section. First, CB dispersions of
the three samples were analyzed by DLS in batch mode (see
Table 2). As can be seen, dhydro for N326 was the lowest in
both dispersants, which was related to the minor core size. On
the other hand, N550 exhibited the highest dhydro with a
significant difference with respect to N722 although both of
them showed a similar core size. This fact was attributed to the
high oil absorption number (OAN) of sample N550, resulting
in a greater capping layer of both dispersants, and thus a higher
hydrodynamic diameter compared with N326 and N772.45

The zeta potential was also measured for CB samples,
showing similar results for the different CBs. In AF4, one of
the most important parameters is the cross-flow rate, which
determined the resolution. In this study, two different cross-
flow rates were applied to study the CB separation depending

on the dispersant used. Figure 6 shows the UV−vis
fractograms of different CB dispersions for polymeric and
biological dispersants with cross-flow rates of 0.5 and 1.0 mL·
min−1.

Figure 6a shows the fractogram for several CB samples at
140 mg·L−1 in the polymeric dispersant at a cross-flow rate of
0.5 mL·min−1. N326 was identified at time 1.9 min
corresponding to the void peak. Meanwhile, N550 and N722
were separated at a higher time (2.9 min). As it was expected,
N550 and N722 were not resolved due to their similar particle
size. For all of them, small peaks appeared in the fractograms
that were compatible with aggregates or agglomerates of CB.
The use of a higher cross-flow rate with the polymeric
dispersant did not provide satisfactory results due to the lack of
stability.
Figure 6b,c shows the fractograms for CB biological

dispersion (36 mg·L−1) for the three CB samples assayed at
two cross-flow rates of 0.5 and 1 mL·min−1. N326 provided a
peak and a shoulder at 0.5 mL·min−1. By using a cross-flow rate
of 1.0 mL·min−1, suitable separation from the void peak was

Figure 5. (a) % DLS fractogram signal (using as a reference the
dispersion of day 0) obtained as a function of dispersion preparation
time for CB N326 with two studied dispersants: polymeric (green)
and biological (red), using ultrasound (continuous line) and without
ultrasound (dashed line) before injection. (b) Particles sizes obtained
with the AF4-DLS for each dispersant as a function of dispersion time
after the ultrasound step.

Table 2. Particle Size (dhydro) and Zeta Potential of Different
CB Nanoparticle Dispersions (N326, N550, and N722)
Using Polymeric and Biological Dispersantsa

N326 N550 N722

polymeric
dispersant

size batch DLS (nm) 404.0 731.5 662.4
size AF4-DLS (nm) 386.6 720.2 667.5
zeta potential (mv) 22.6 20.4 22.9

biological dispersant size batch DLS (nm) 175.5 540.6 351.8
size AF4-DLS (nm) 175.4 544.1 357.2

178.4* 538.2* 344.5*
zeta potential (mv) −18.8 −16.9 −17.0

aFractograms were obtained at 0.5 mL min−1 except for * at 1.0 mL
min−1.

Figure 6. UV−vis fractograms obtained for CB dispersion (N326 in
blue, N550 in green, and N722 in red) at different cross-flow rates:
(a) polymeric dispersion CB analysis using a cross-flow rate of 0.5
mL·min−1 and biological dispersion CB analysis using cross-flow rates
of (b) 0.5 mL·min−1 and (c) 1.0 mL·min−1. (d) Visual color
representation of each CB biological dispersion.
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achieved: peaks at 5.1, 5.7, and 6.2 min correspond to N326,
N772, and N550, respectively. Furthermore, dhydro values of the
three CB samples using the AF4 system for both cross-flow
rates assayed were in agreement with the results provided by
batch DLS measurements (see Table 2). Figure 6d shows an
image of each CB dispersion at the same concentration level,
with their colors being directly related with the intensities
obtained from AF4-DLS fractograms.
Stability of Dispersions by Dilution in Real Waters. As

a practical case of study, CB dispersion by dilution in several
water matrices was performed taking into account the potential
occurrence of these nanomaterials in the environment. For this
aim, diluted dispersions were prepared with real water matrices
(dilution factors of 1/2 and 1/8 for CB (N326) polymeric and
biological dispersants, respectively). Figure 7a shows character-

ization parameters for each water matrices used: conductivity,
sulfate, and nitrate. As it was expected, the highest values were
obtained for the wastewater sample.
In polymeric CB dispersions (Figure 7b), an increase in

turbidity and conductivity occurred due to the presence of high
amount of anions, producing a dramatic loss of dispersion

stability. This effect was more remarkable for CB-diluted
dispersion in wastewater than that produced in the other water
matrices, its signal being reduced up to 90% as Figure 7d
shows. When ultrapure water was used to prepare diluted
dispersions, the stability of CB dispersion was not altered. In
the case of CB biological dispersions, dilution with different
waters did not induce a significant signal decrease (see Figure
7c,e).
This study demonstrates the influence of the sample matrix

on the stability of dispersion as a function of the CB dispersive
agents. Therefore, the success in the determination of the CB
size and composition distribution will depend on the analytical
strategy that takes into account the dispersion performance of
these compounds.

■ CONCLUSIONS

In this study, polymeric and biological dispersants were studied
in order to evaluate their capability to disperse CB nanoma-
terials. The dispersion mechanism proposed showed that
polymeric dispersion was achieved through van der Waals
forces between nanomaterials and copolymers used, while the
biological dispersant formed capping with biomolecules,
mainly amino acids, around CB providing better dispersion
stability than the polymeric dispersant. AF4-DLS fractograms
showed a linear relationship between signal versus concen-
tration. Moreover, the hydrodynamic sizes were analyzed by
DLS, both coupled to AF4 and in batch mode, obtaining
comparable values. However, the hydrodynamic size showed
significant differences in the function of dispersant used for all
CB samples assayed, which was related with their different
capacities of dispersion. Smaller sizes were obtained and higher
amounts of CB were dispersed using biological dispersants,
which were improved in a biological medium supplemented
with a dipeptide. Good linear calibration graphs were obtained
too. Precision studies were also carried out, and the obtained
RSD values were lower than 5% for all dispersants.
A stability test with time was carried out, and the results

indicated that the biological dispersant allowed dispersions
with suitable stability that remained at least for a week,
compared with a lack of stability of the polymeric dispersion. A
study of CB dispersion stability in several real environmental
waters was carried out. The dispersion stability was dependent
of the composition of each water matrix, which showed a
greater effect in the case of polymeric dispersion. This is an
important result because different waters are used in industries
in function of their geographic location and this can influence
the CB dispersion stability if polymeric dispersion option is
employed.
Therefore, it is proposed that the AF4-UV−vis-DLS system

may become a valuable tool for rapid characterization,
determination, and stability study of CB dispersions in
polymeric and biological dispersants. It is interesting to note
that a deeper knowledge about CB dispersions is demanded in
both research and industrial applications. The stability of
aqueous dispersions of CB NPs is still problematic at an
industrial level, especially for those applications that require
smaller particles, for example, rubber and pigment industries,
due to their greater surface area.

■ MATERIALS AND METHODS

Reagents and Materials. CB samples (N326, N550, and
N722) were obtained from Birla Carbon (Cantabria, Spain).

Figure 7. (a) pH, conductivity, turbidity, nitrate, and sulfate values for
each aqueous matrices. (b) DLS fractograms at 0.5 mL min−1 with
different water matrices as final dilution media for polymeric
dispersions. (c) DLS fractograms at 0.5 mL min−1 with different
water matrices as final dilution media for biological dispersions. (d)
Maximum intensity obtained in DLS fractograms analysis for each CB
dispersion diluted with different water matrices using the polymeric
dispersant. (e) Maximum intensity obtained in DLS fractograms
analysis for each CB dispersion diluted with different water matrices
using the biological dispersant.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04527
ACS Omega 2021, 6, 31822−31830

31827

https://pubs.acs.org/doi/10.1021/acsomega.1c04527?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04527?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04527?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04527?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04527?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Styrene and acrylic acid used for preparing the polymeric
dispersant were provided from Sigma-Aldrich (Missouri,
EEUU). Biological culture media used, DMEM/F-12 (with
15 mM HEPES, sodium bicarbonate, stable glutamine, and
sodium pyruvate) and DMEM/F-12 modified (supplemented
with L-alanyl-L-glutamine dipeptide), were purchased from
Merck (Darmstadt, Germany). Also, Tween 80 used for
biological dispersions was provided by Sigma-Aldrich (Mis-
souri, EEUU).
The AF4-UV−vis-DLS liquid carrier was prepared with

0.02% NaN3 (Panreac, Spain). Methanol (VWR, EEUU) was
used for cleaning the AF4 system. Water for all the experiments
was purified using a Barnstead Nanopure II system.
Instrumentation. AF4 measurements were performed

using an AF2000 MT model purchased from Postnova
Analytics Inc. (Germany). The channel was 29 cm long with
a 10 kDa regenerated cellulose membrane and a 350 μm
channel spacer. The flows were provided by two separate
pumps, and the cross-flow was obtained by a separate piston
pump, which is constantly adjustable. For all AF4 analyses, the
liquid carrier was high-purity Milli-Q water containing 0.02%
sodium azide. The injection volume was 20 μL, and the
dispersions were ultrasonicated for 5 min before each injection.
Detection flow was kept at 0.5 mL·min−1 or 1.0 mL min−1.
Table S1 summarizes the optimal separation conditions.
The AF4 system was coupled online with a UV−vis detector

(SPD-20AV, Postnova, Germany), and the DLS detector was
coupled with a temperature control (Nano ZS, Malvern, UK).
The UV−vis detector was operated at a wavelength of 254 nm.
For DLS detection, the AF4 system was directly interfaced to a
Zetasizer without channel split, and the detector flow was set
to 0.5 mL·min−1 for all fractions.
The morphology was studied with a Hitachi S-4800

scanning electron microscope (SEM) at an accelerating voltage
of 10.0 keV over metalized CB solid samples with a mixture of
gold and palladium for 30 s. TEM samples were prepared by
delivering 10 μL of the CB dispersion onto a carbon-coated
copper grid (300 mesh) and were dried overnight at room
temperature. These samples were analyzed using a JEM 1010
from JEOL Ltd. operated at 100 kV.
An optical microscope (ECLIPSE E200LED MV Series,

Nikon Corporation, Tokyo, Japan) was employed under
bright-field illumination using 10× and 50× objectives. NIS-
Elements 4.20.02 software (Nikon Corporation) was used for
acquiring the images.
Finally, CB solid characterization was carried out with a

Raman fiber optic probe coupled to a Raman spectropho-
tometer (EEUU) and a laser source from Ocean Optics. The
working wavelength was 532 nm, and the spectra were
recorded between 1000 and 3500 cm−1.
Preparation of CB Dispersions. Three different CB

samples (N326, N550, and N722) were analyzed. According to
the specification of the manufacturer, properties such as SSA
and OAN were varied as a function of the CB sample. N326
had an SSA of 78 m2·g−1 and an OAN of 72 mL·(100 g) −1;
N550 had an SSA of 40 m2·g−1 and an OAN of 121 mL·(100
g)−1, and N722 had an SSA of 32 m2·g−1 and an OAN of 65
mL·(100 g)−1.
The polymeric dispersant was a mixture of styrene and

acrylic acid in a ratio of 3:1 in volume. Then, a solution of
0.025% of this mixture in water was prepared. The CB
dispersion was carried out after 5 days of dispersant
preparation in order to avoid undesirable responses from the

dispersant (see Figure S3). A CB dispersion (300 mg·L−1) was
prepared for each CB sample. For this aim, the diluted
dispersant and adequate amounts of CB were mixed and
agitated for 5 min. After this, the dispersion was sonicated for 2
h. The working dispersion was prepared by adequate dilution
of the tested dispersant and sonication for 30 min.
The biological dispersant was an aqueous solution

containing Tween 80 (0.02%) and DMEM/F-12 (10%) or
DMEM/F-12 supplemented. CB dispersions (300 mg·L−1) of
each CB sample were prepared following the same procedure
described for polymeric dispersions. Different dilutions of
these bulk dispersions (1/2, 1/4, and 1/8) were prepared using
the biological dispersant. In this case, dilution with nanopure
water was also studied by preparing the same concentration
dispersion.
The study on environmental water samples was performed

by diluting the CB dispersion in polymeric (dilution factor 1/
2) and biological (dilution factor 1/8) dispersions in ultrapure,
tap, well, and wastewater samples.
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