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Abstract
This paper presents a novel approach to the analysis of nano�uids by using a nonlinear multifractal
algorithm. Multifractal analysis allows to present detailed local descriptions of complex scaling behavior
using a spectrum of singularity exponents. Nanoliquids prepared from nanoparticles of SiO2 (~0,01g)
suspended in 100 ml of demineralized water and in 100 ml of 99,5% isopropanol were subjected to
classical methods of analysis: determination of the contact angle, determination of the zeta potential, pH,
and examination with a particle size analyzer. The obtained results show that the obtained nano�uid is
stable and well prepared, while further nonlinear analyzes show that the usage of multifractal analysis
for nano�uids can signi�cantly improve both the process of analyzing this issue as well as its
preparation, based on the multifractional spectrum.

Introduction
Fluid mechanics plays an extremely important role in many areas of industry, life and science. A serious
challenge that the current world is facing is improving the quality of �uids, resulting in creating
nano�uids - �uids with suspended nanoparticles. However, the preparation process of this type of �uid
can be challenging (agglomeration is a major problem in nano�uid synthesis [1]) and even more so, the
process allowing to verify the quality of the obtained nano�uid. The main methods by which nanoliquids
are produced are the two-step method or one-step method. The two-step methoh has been widely
described in publications [2], [3]. Work [4] and [5] describe the one-step method. Futhermore one can also
�nd nano�uids prepared with deionized water, distilled water, ethylene glycol, ethylene glycol / water etc.
in various concentrations [6], [7]. The stability of the nanoliquids is very important for practical reasons.
The stability of nanoliquids is strongly dependent on the properties of the suspended particles and base
�uid, such as particle morphology, the chemical structure of particles, and alkaline �uid [8]. The
visualization of the particles within a liquid may be di�cult to implement from a technical point of view
(scale, number of particles, liquid, 3D spaces). In the works [9], [10] several methods recommended for the
analysis of nanoparticles can be found. Nevertheless, the assessment of the quality of nanoparticles can
be carried out taking into account disintegration of the particles into smaller pieces via sonication as well
as evaporation process of a nano�uid droplet. Authors in [11] also mention the change of pH values of
the suspension, by usage of surface activator. These and other treatments re�ect the possible preparation
procedures and enable the fabrication of a �nal product with a de�ned size range of particles uniformly
suspended in the �uid. It must be noted that the analysis of images of samples that have undergone the
evaporation process (analysis of the trace left by nanopowder) also provides information about the
nature of the �uid itself (vortices inside the �uid) as well as the nature of the powder. The formation of
the pattern of nanoparticles of isodensity water-based nano�uid drops has already been the subject of
investigations (see [12]). Authors report two different patterns which depend on the evaporation: an o-ring
and a continuous nanoparticle �ower pattern. The attempt of understanding the effect of the dynamic of
�uid and particle motion that allows obtaining various patterns of nanoparticle sessile after evaporation
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of �uid has been presented in [13]. The three competitive, convective mechanisms have been considered.
Based on obtained results, two major patterns have been identi�ed: the o-ring and the petal-like pattern.

Further investigations in this subject [14] included the effect of nanoparticle size on evaporation and
dryout characteristics of nano�uid droplets via the usage of a microfabricated linear heater array. The
three main periods occurring in the evaporation process have been noticed: (i) liquid dominant
evaporation, (ii) dryout progress, and (iii) formation of nanoparticle stains.

Another type of research that is gaining importance in the �eld of research is devoted to the nonlinear
analysis of nanoliquids or their properties, such as: formulating of aggregates, convective heat transfer,
critical heat �ux, and subcooled pool boiling heat transfer - this research is based on fractal analysis. In
the work [15] authors introduce three novel fractal models which have a good agreement between fractal
model predictions and experimental data. Authors of [16] conducted experiments on the aggregate fractal
dimensions and thermal conduction in nano�uids. The usage of fractals gave them information that as
aggregates grow the viscosity increases at a faster rate than thermal conductivity making highly
aggregated nano�uids unfavorable. On the other hand, in the paper [17] authors classi�ed the complex
stream patterns taking into consideration fractal dimensions.

In this publication we present characterization results of dried nano�uid droplets. SiO2 nanoparticles were
dispersed in water or isopropanol using sonication. Afterward, single drops were left to evaporate on the
stubs to conduct microscope observations. The obtained scanning electron microscope (SEM) images
were subjected to nonlinear multifractal analysis which allowed validation of the quality of the prepared
nano�uid considering the size and distribution of the nanoparticles. An additional advantage of this work
is the use of nonlinear multifractal analysis to attempt to characterize the quality of prepared nanoliquids
based on their evaporated droplet samples.

Results
Classic approach and results As can be seen from the results presented in Tab. 1, the angles measured
on each of the drops in relation to the obstruction (left angle - right angle) do not differ signi�cantly,
which proves that the conducted measurements were carried out correctly. However, it is worth
mentioning the difference in the values obtained for �uids with the addition of silica nanoparticles. In
both cases (water or isopropanol), the contact angle is lower than the value for pure liquids by an average
of 2°, which indicates a change in the �uid viscosity, and hence lower ductility of the tested �uid. It is
worth mentioning that the measurements of the wettability angle were made on carbon tape.

Table 1
Compilation of the contact angle for two samples: A and B.

Angle/specimen sample A water sample B isopropanol

Left average angle 63.49°±1° 66.68°±1° 147.67°±1° 151.81°±1°

Right average angle 63.88°±1° 67.02°±1° 147.05°±1° 151.15°±1°
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The zeta potential values shown in Tab. 2 for both water and isopropanol suspensions are about -60 mV,
which indicates high stability and no aggregation in time [18]. This is also con�rmed by the lack of
change in particle size over a month. It is worth mentioning that the submicron particles suspended in
water are smaller than those in isopropanol by about 30-40 nm in terms of mean hydrodynamic diameter
and are 185.9 and 212.6 nm, respectively, after a month.

Table 2
Zeta potential of silica suspensions and hydrodynamic diameter of particles in

time.
medium ζ potential Size from MADLS

[mV] [d, nm]

  after 24 h after a week after a month

water -60.89 ± 3.93 187.8 ± 7.7 186.4 ± 4.9 185.9 ± 2.5

isopropanol -57.29 ± 1.83 221.6 ± 2.5 219.6 ± 3.6 212.6 ± 5.2

Proposed multifractal approach The results of the multifractal analysis folded as consecutive singularity
spectra in one plot, for both samples, are presented in Figure 1.

In addition, the values of three characteristic points from the spectra of singularities and the dimension
characterizing the width of the multifractal spectrum, which indicates the complexity of the observed
process/image have been listed in Table 3.

Table 3
Summary of the most important values obtained based on multifractal analysis.

Sample / method Mean hmin value Mean hmax value Mean h0 value Mean hmax-hmin value

A / LtR 1.575 2.719 1.986 1.143

B / LtR 1.618 2.646 1.989 1.028

A / UtD 1.661 2.765 2.048 1.104

B / UtD 1.591 2.444 1.917 0.852

The �gures representing the spectra of singularities for successively taken SEM images for each sample,
several characteristic features can be observed (see Figure 1). Namely, the multifractal spectra for sample
A (Figure 1a, 1b) are arranged close to each other, even overlapping. Their hmin, hmax and h0 values do not
differ signi�cantly from each other in the direction of UtD and LtR, which suggests correctly distributed
nanopowder particles within the liquid throughout the whole sample. In the case of Figures 1c and 1d,
presenting spectra for sample B, signi�cant changes between the shape and position of individual curves
can be noticed. This suggests that the �uid was not fully prepared properly. Thus, there is a signi�cant
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variation in the size of the observed nanopowder particles and their unregulated distribution on the
sample surface.

The numerical values presented in Table 3, allow concluding that: the lower the hmin value, the smaller the
nanopowder particles can be observed (better disintegration of the agglomerates during the sonication
process), while the higher the hmax value, the more uniform distribution of nanopowder particles in the
observed area (no agglomerates). Thus, the value of h0 characterizes the �uid as a whole (as the sum of
the particle size and their distribution in it). Therefore, the greater the value in relation to hmin and hmax,
the better the nano�uid is prepared. Additionally, the width of the multifractal spectrum indicates the
complexity of the tested �uid, the higher value corresponds to more uniform nano�uid (smaller
nanopowder particles, more evenly distributed on the surface of the sample).

Discussion
Results for a standard approach to characterization of nano�uids Photograph showing sample A (Fig. 3)
allow noticing a characteristic ring on the edge of the sample resembling the o-ring like pattern presented
in [13], while sample B (Fig. 4) does not have such a strongly visible edge (it is visible but is irregular and
disappears in places), indicating a different character the evaporation process.

The SEM imaging for both samples has been done at a magni�cation of 25 000 (Scios 2, ThermoFisher,
USA). Exemplary images are shown in Figure 5.

Taking a closer look on the SEM images one can notice that sample A (Fig. 5a) and B

(Fig. 5b) show considerable similarities - both of them show a layer of nanoparticles, more uniform in
sample A. Higher magni�cations show that sample A contains smaller differences in the distribution of
nanoparticles - assessed based on the differences in height, which in turn re�ects into the sharpness of
the image - di�culties in uniform focus over the entire area can be noticed. Whatmore sample A shows
homogeneity in terms of particle size, whereas in sample B individual nanoparticles located on larger
"�akes" (agglomerates) can be observed. Sample B shows voids within layers, which are not observed in
sample A. The size of the particles in the TEM images allow us to say that the particles are below 100
nm.

When analyzing the data presented both in charts and in tables (Figure 6 and 7), two parameters are the
most important. Measured particle size (Diam) and the percent of particles below that micron size (Q%).
The �rst statement concerns the liquid immediately after the sonication process in an ultrasonic cleaner.
It can be seen here that the results obtained indicate silica particles smaller than 0.709 µm - Q% at the
level of 98%. The graph also shows numerous particles that were below 0.05 µm in size. The second
listing is for the same �uid that was left for 24h to determine the stability of the resulting �uid with
respect to the formation of agglomerates. The results are shown except for the maximum value. After 24
hours in the liquid, it can be seen that the value of the silica size for Q% at the level of 98% increased to
the value of 0.727 µm, which suggests the formation of small agglomerates. The other measured powder
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sizes are at a similar level which in turn suggests that the resulting �uid is stable. According to what was
presented in [19], a stable nano�uid is theoretically possible as long as particles stay small enough (~100
nm).

The pH values for both samples were: 5.2 pH for sample A and 4.4 pH for sample B. According [20] to the
higher the pH value the better the stability of the nano�uid. Whatmore the zeta potential also should be
greater for higher pH values.

Zeta potential (ZP) is the potential at the sliding border, i.e., at the point of contact between the solid and
the electrolyte solution. The ZP determines the stability and the possibility of aggregation of
nanoparticles (NPs), which may be crucial for further applications. The values can be both positive and
negative and are expressed in mV. Higher absolute values of the zeta potential are associated with a
more stable nano�uid, it is assumed that NPs are stable above +30 mV or below -30 mV and aggregation
occurs in the range from -5 to +5 mV [21]. Table 2 shows the development of the zeta potential of silica
suspensions and hydrodynamic diameter of particles over time.

The DLS study showed that the second population can be observed in the spectra of silica in water after
24 hours, a week, and a month, and in isopropanol after 24 hours. It accounts for about 1% of the total,
and its size is twice the size of the particles. In addition, the strongly negative value of the zeta potential
suggests that these are agglomerates resulting from the process of their production, and not the process
of preparing suspensions. Additionally, the DLS analyses carried out with the use of horizontal and
vertical polarizers made it possible to state that the suspended silica particles are spherical, as evidenced
by the overlapping of spectra recorded for both polarizers, which was presented on Figure 8.

Proposition of a new method for the characterization of nano�uids The images analyzed with the
nonlinear algorithm were mainly based on moving the seen area (ROI – Region Of Interest) over the entire
area of the sample in two schemes: from the left to the right edge of the sample (marked as LtR-left to
right) and from top to bottom of the sample (labeled as UtD-up to down) – Figure 2. Based on obtained
images, it was possible to determine the quality of the obtained �uid by analyzing the surface of the
sample.

The three characteristic points, in Figure 11, have been marked with symbols: "cross", "circle" and
"square". The �rst and third symbols refer to changes taking place in the system, depending on the point
of observation, respectively locally or globally in scale. These points were determined using the
polynomial approximation method (average value R2 = 0.98 for all samples - this proves a very good
adjustment of the curve to the results and could be the basis for further analysis). The maximum value in
the spectrum, marked with a circle, determines the sum of two other points and identi�es the entire
process (h0) [22]. The proposed approach allows to determine singularity spectrum for a single image so
the method will be applied to analyze a certain selected area of each sample.

Conclusion
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The nanoliquids are used in more and more applications, in various areas of life and industrial sectors.
Hence, the evaluation of the preparation process and the quality of the �uids obtained is of key
importance. The presented approach of the analysis of �uids with nanopowder allows to determine the
degree of disintegration of the nanoparticle’s agglomerates, their distribution within the sample and the
complexity of the obtained nano�uid.

The samples obtained as a result of evaporation resemble those reported in the literature, while the
presented tests require additional trials and analyzes to further describe both the nano�uid preparation
process as well as the samples of dried droplets.

In the multifractal diagram, three characteristic points can be determined, the leftmost one in the case of
nanoliquids characterizes the size of the particles suspended in the �uid - the lower the value of hmin, the
smaller the particles appear. The rightmost point describes the distribution of nanoparticles on the
surface. The greater the value of hmax, the better the homogenization of the �uid. The maximum value of
the multifractal spectrum characterizes the repeatability of the relations found in the entire sample.

The addition of silica powder reduced the wettability of the �uid in both water and isopropanol. The silica
increased the �uid density compared to the base �uid, which can be seen from the contact angle values.

Materials And Methods
Materials

To prepare nanoliquids the SiO2 nanoparticles (~0.01g) have been suspended in 100 mL of
demineralized water (HYDROLAB HLP 5sp, HYDROLAB, Poland) and in 100 ml of 99.5% isopropanol,
marked sample A and sample B, respectively. Sample A has been sonicated in common mode, whereas
sample B in degas mode using Ultrasonic Cleaner (ZX-615FTS, Shanghai ZX Trading Co, LTD, Shanghai)
for 60 minutes according to [23]. Both samples have been sonicated without heating, at 95% power of the
device (342 W ultrasonic power). 

Experimental techniques

Classic approach The transmission electron microscopy (TEM) has been used to conduct visualization of
silica nanopowder using a scanning TEM (Carl Zeiss Libra 200 MC Cs, Carl Zeiss AG, Oberkochen,
Germany), operating at an accelerating voltage of 200 kV (see Figure 10).

Both nanoliquids were analyzed by classical methods: determination of the contact angle, determination
of the zeta potential, pH, and examination with a particle size analyzer. Summing up, this work focuses
mainly on two of the �ve parameters characterizing nanoliquids according to [24]: particle and colloidal
properties.

The contact angle was measured by a Ossila Contact Angle Goniometer (United Kingdom) and differs for,
see �gure below (Tab. 1).
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Contact angle analyses were performed by the sessile drop technique at room temperature and
atmospheric pressure. Ten independent measurements for nano�uids (water and nanosilica, isopropanol
and nanosilica) and �ve independent measurements for pure water and isopropanol were performed for
each sample, each with a 15 µL water drop, and the obtained results were averaged to reduce the impact
of surface nonuniformity.

The size of silica particles after the sonication process in an ultrasonic cleaner was measured by Nano
Particle Size Analyzer SALD-7500nano for the water and silica solution in two stages: 1) immediately
after the preparation of the liquid, and 2) 24 hours after the preparation of the liquid see Figure 6 and 7.

Another way to determine the quality of the obtained nano�uid is to determine the zeta potential and to
measure the particle size by Multiangle Dynamic Light Scattering (MADLS) and Dynamic Light Scattering
(DLS). Zeta potential, MADLS and DLS with horizontal or vertical polarizer were carried out using a
Zetasizer Ultra (Malvern Panalytical Ltd., Malvern, UK) equipped with a 10mW helium/neon laser (λ=
633 nm) at 25 °C. The instrument settings were optimized automatically using the ZS XPLORER software
(Malvern Panalytical Ltd., Malvern, UK). MADLS measurements were performed after 24 hours, a week,
and a month after suspension. The particle sizes are expressed as the mean hydrodynamic diameter of 5
measurements.

The nanoparticles of Aerosil A200 from the water (sample A) or isopropanol (sample B) suspension were
spread over a double-sided adhesive carbon tape on an aluminum pin disc using an automatic pipette
Eppendorf Research (volume of the drop: 2 µl). The evaporation process took place at room temperature
for 24 hours.  For imaging at the highest resolution via scanning electron microscopy (FE-SEM) samples
were coated with 10 nm of Au using a high-vacuum sputter coater (Compact Coating Unit CCU-010,
Safematic, Switzerland). The imaging was carried out with a dual-beam FIB-SEM tool (Scios 2,
ThermoFisher, USA) using detectors of secondary electrons: ETD and upper in-lens detector – T2,
acceleration voltage of 10 kV for the electrons, 3 mm and 7 mm working distance. Figures 3b and 4b
present photos of exemplary SEM pin stubs showing the evaporation effect (which took place without
additional heating–free evaporation conditions) on the shape of the dried nano�uid. The magni�cation
of the edges is presented via SEM images in Figure 3d and 4d, respectively (~100 x).

A new approach with the use of multifractals The multifractal approach opens possibilities for the
visualization of materials as a heterogeneous system with all aspects as subsets of the fundamental
elements. The result of this analysis presents a multifractal spectrum that describes the dimension of a
fractal subset of function points. To obtain an adaptive form of division both in time and space, the result
of which is the spectre of singularities, the Legendre transformation (τ(q)) is used. This transformation
de�nes the relationship between itself and the global spectrum of singularities D(h) [25]:
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where: h(q) is the global distribution of the Hölder exponent de�ned for the moment q. Negative values of
q emphasize weak exponents, while positive values emphasize strong exponents. The spectrum itself can
be written as:

where f(α(q)) is the function of moments q, µi(q,l) is a normalized measure as qth moment of mass
probability Pi(l) where to estimate multifractal properties over a small interval of scales a constant range
of l is taken advantage of [26]:

The explementary result of the multifractal analysis algorithm of SEM images in the form of a singularity
spectrum for sample A is shown in Figure 9.

The polynomial approximation method allows to determine three characteristic points on the graph (see
Figure 11).
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Figures

Figure 1

Singularity spectra obtained for sample A: a) the direction of the UtD images; b) direction of the LtR
images and sample B: c) direction of the UtD images; d) direction of the LtR images.
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Figure 2

Scheme of the imaging process during SEM observations (sample B).
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Figure 3

Photos of sample A: a) image from optical microscopy; b) macro image of the pin; c) image from optical
microscopy of the marked area; d) SEM images of the edge of the sample – powder particles were found
both on the edge and inside.
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Figure 4

Photos of sample B: a) image from optical microscopy; b) macro image of the pin; c) image from optical
microscopy of the marked area; d) SEM images of the edge of the sample – powder particles were found
both on the edge and inside.
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Figure 5

SEM images of a) sample A; b) sample B.

Figure 6

Silica particle size distribution for the sample water + SiO2 immediately after the preparation of the liquid.
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Figure 7

Silica particle size distribution for the sample water + SiO2 24 hours after the preparation of the liquid.

Figure 8

Particle size spectra recorded with MADLS.

Figure 9

Example of multifractal spectrum calculated for a single SEM image (sample A).
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Figure 10

TEM images of raw SiO2 powder.

Figure 11

Multifractal spectrum for a single SEM image with three characteristic points: hmin, hmax and h0
(sample A).


