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Abstract

In this work, compact and porous SiO, nanoparticles (NPs) were synthesized using
the Stober and the modified Stober methods. Water-based nanofluids were character-
ized by dynamic light scattering, scanning electron microscopy, transmission elec-
tron microscopy, energy-dispersive spectroscopy, Fourier transform infrared spec-
troscopy, and X-ray diffraction, and the porosity of the compact and porous SiO,
samples was measured by N, adsorption—desorption isotherms. Thermal wave reso-
nator cavity and inverse photopyroelectric configuration novel techniques were used
for the first time to obtain the porous nanoparticles thermal diffusivity (D) and effu-
sivity (e), respectively. Thermal conductivity (k) was obtained from the relationship
between them k = e4/D. An increase in the thermal conductivity of the porous SiO,
NPs was obtained compared to the thermal conductivity of the compact NPs fluids
with an enrichment of 14.7 %. Our results are supported by a theoretical model with
a thermodynamic approach adapted for the thermal conductivity of porous SiO,
governed by the parameters of the porosity and nanoparticle size.

Keywords Nanofluids - SiO, nanoparticles - Thermal conductivity

1 Introduction

Mesoporous silica materials have received great attention in the industry due to their
high chemical and thermal stability and their non-toxic nature [1, 2]. Therefore, it
can be use in medicine, biology [2, 3], and inorganic optoelectronic devices [4, 5].
Because silica is a chemically and thermally stable material, it can be added to metal
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nanoparticles for heat exchange applications [1]. Nanocomposites offer unique prop-
erties to control thermal transport by manipulating various structural aspects of the
material. Measurement of thermal properties of porous nanomaterials is often dif-
ficult to determine, moreover, in the optical field due to the non-contact nature [6].
Among the advantages of these types of nanostructures, their structural properties,
such as large surface area and pore volume, adjustable pore size, colloidal stability,
and the possibility of functionalizing internal pore systems or the external surface
of the particle are noteworthy. These features make it a promising material for bio-
medical applications such as bioimaging for diagnosis [7—14] or drug delivery for
medical applications [7—15]. In recent decades, there has been great interest for pho-
tothermal techniques such as thermal lens [16—18], photoacoustic [19], and thermal
wave resonator cavity (TWRC) [20, 21]. In the present research, the conventional
TWRC was used to measure the thermal diffusivity of nanofluids. This technique is
frequently use in different applications for liquids and gases. Although other pho-
tothermal techniques have been used for thermal characterization of liquids, such
as thermal lens spectroscopy (TLS), photothermal deflection, photoacoustic spec-
troscopy, and photothermal radiometry [16-22], the TWRC technique is of special
interest because it allows measurement of nanoloquids’ thermal diffusivity in small
volume detection cells. To have a complete thermal characterization of the thermal
conductivity, the thermal effusivity of the studied nanofluids was obtained using
IPPE configuration. Complementary characterization, to determine particle size and
chemical composition, was performed by dynamic light scattering (DLS), scanning
electron microscopy (SEM), transmission electron microscopy (TEM), energy-dis-
persive spectroscopy (EDS), Fourier transform infrared spectroscopy (FTIR), and
X-ray diffraction (XRD) techniques, and porosity was determined by N, adsorp-
tion—desorption isotherms.

2 Materials and Methods

2.1 Materials

The Stober and the modified Stober method were used for the synthesis of compact
and porous SiO, NPs, respectively [23, 24]. Reagents used for SiO, nanostructures
were tetraethyl orthosilicate (TEOS, 99 %), ammonium hydroxide (NH,OH 30 %
ammonia NH;), methanol (CH;0H 99 %), ethanol (C,H;OH 99 %), and sodium

hydroxide (NaOH 99 %). All were purchased from Sigma-Aldrich. Deionized water
was used for the nanofluids.

2.2 Methods
2.2.1 Synthesis of Compact and Porous SiO, NPs

Briefly, 60 mL of an ethanol solution containing 25 mL of distilled water, 1 mL of
TEOS, and 4.2 mL of ammonia hydroxide was prepared. It was stirred at 300 rpm
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for 3.5 h at room temperature to carry out the TEOS hydrolysis and condensa-
tion process. The resulting colloidal suspension was centrifuged at 4000 rpm for
15 min. The particles were recovered and washed with a methanol/water 1:1 vol-
ume ratio solution, repeating the process at least 5 times. Finally, they were left to
dry in a muffle at 70 °C [18].

The synthesis of porous SiO, NPs was as follows: 0.2 g of CTAB (cetyl trime-
thyl ammonium bromide) surfactant and 1 mL of TEOS silica precursor (tetra-
ethyl orthosilicate) were weighed and a basic 2 mol of NaOH solution was pre-
pared. On a heating plate, the CTAB surfactant was placed in a round flask with
100 mL of distilled water. It was stirred at 200 rpm, and the temperature was
raised to 30 °C, at which point the solution turned on transparent. Then, 1 mL
of NaOH solution was added to have a basic solution with a pH of 12. The tem-
perature was raised to 80 °C and maintained at 200 rpm. At 80°C, stirring was
increased to 500 rpm, and the TEOS silica precursor was added at a speed of
1 mL-min~! through a syringe infusion pump using a temperature and pH meters
built in the laboratory with a 3D printer, as shown in Fig. 1a, b. The transparent
solution began to turn on cloudy white, at which point the nucleation and growth
of the silica particles are known to start [25].

The synthesis was carried out for 2 h. Then, the reaction was neutralized with
sulfuric acid to a pH of 7 to stop the nanoparticles’ growth. The obtained solution
was centrifuged at 4000 rpm for 10 min, and the white precipitate was placed in
a flask and stirred at 200 rpm for 10 min with distilled water. This procedure was
followed at least 3 times to wash the NPs. When the particles were washed, to
remove the surfactant or organic template, they were subjected to a thermal treat-
ment in a muffle. The white precipitate was placed in a high-temperature crucible
ramp and heating at 10 °C-min~! until 550°C for 4 h and finally, allowed to cool
to room temperature. A white powder was obtained due to the porous NPs forma-
tion, as shown in Fig. 2. After that, it was pulverized in a mortar [24, 26].

Fig. 1 (a) Equipment for temperature and pH measurement and (b) syringe infusion pump
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Fig.2 Synthesis of compact and porous SiO, NPs

2.2.2 DLS, SEM, TEM, and EDS Measurements

To determine the particle size of the NPs in the nanofluid, DLS was used (Litesizer
500, Anton Paar). SEM was performed using a JEOL model IT 300 scanning elec-
tron microscope with an acceleration voltage of 20 kV. The sample was placed on
the carbon tape of a holder. TEM was performed on a JEOL model JEM-1010 trans-
mission electron microscope, using an acceleration voltage of 60 kV. The sample
was placed on a copper grid. EDS was performed using a SEM/EDS microscope
JEOL JSM IT300.

2.2.3 FTIR Characterization

Si0, synthetized in both reactions was characterized by Fourier transform infrared
spectroscopy (FTIR) using a Bruker FTIR ALPHA II spectrometer with an attenu-
ated total reflection (ATR) accessory. Spectra were normalized for comparison
purposes.

2.2.4 XRD Determination

The small-angle X-ray diffraction (XRD) patterns of the samples were collected
with a diffractometer (Rigaku) equipped with a rotating anode and using Cu Ka
radiation (A=0.1542 nm), voltage and current of 40 kV and 100 mA, respectively.
XRD data were recorded for reflection angle in the range of 1.5°<20<8.96° with a
step size of 0.02.

2.2.5 N, Adsorption-Desorption Isotherms

The specific surface area and pore size distribution were estimated by
Brunauer—-Emmett-Teller (BET) equation and Barrett—Joyner—Halenda (BJH)
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method, respectively. Surface area analyses were performed on a Quantrachrome
autosorb iQ equipment. The N, adsorption—desorption isotherms were deter-
mined at 77 K by volumetric adsorption. Before the N, adsorption process, all the
samples were outgassed at 80 °C for 4 h.

2.2.6 Thermal Properties Measurement

2.2.6.1 Thermal Diffusivity Measurements The TWRC experimental setup with
pyroelectric sensor was used to obtain the sample thermal diffusivity. This thermal
parameter was obtained by making a scanning of the nanofluid as shown in Fig. 3a. A
modulated laser beam, with modulation frequency fand 40 mW power, is guided into
a cylindrical cavity with one end covered by an Al foil. The radiation is absorbed by
the Al foil and is transmitted to the sample. The heat generated in the sample diffuses
through the liquid medium to reach the pyroelectric sensor, which senses the diffused
heat and generates an electrical signal, which is recorded and processed as shown in
Fig. 3b [21].

The cylindrical cavity, 2 cm length, with a diameter of 10 mm and 50 pm thick
(stainless-steel film) contains the liquid sample to be analyzed, covering the PZT
sensor of 50 microns. The diode laser beam, 660 nm wavelength, is modulated
at a fixed frequency of f=0.25 Hz. The absorption of the modulated light beam
induces a modulated temperature variation in the liquid sample. The tempera-
ture oscillations at x=-/-L were measured with the PPE sensor as a function of
the thickness of liquid sample. The signal was sent to a preamplifier and then a
second lock-in amplifier (model SR810 DSP), where its amplitude and phase are
measured as a function of L.

By considering the TWRC theoretical model, for thermally thick samples,

1/2
qLs> > 1, where q = (%) with a and Ls the sample thermal diffusivity and

Wi
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Air

=
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Fig.3 TWRC configuration: (a) Experimental setup (b) Multi-layered theoretical model
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cavity length, respectively. Then the sensor output voltage is a complex expres-
sion that can be written as follows [27]:

V(Ls) = Ve 5, (D

where V, is the initial voltage.

Equation 1 shows that it is possible to perform simple TWRC measurements to
obtain the thermal diffusivity of liquids by monitoring the PPE pyroelectric sensor
signal as a function of cavity length and fitting the data into the linear equation on
a logarithmic scale, and the thermal diffusivity can be obtained from the slope fit
parameter g [27-29].

2.2.6.2 Thermal Effusivity Measurements To obtain a complete thermal characteri-
zation, it is necessary to know the sample thermal effusivity as well as thermal con-
ductivity. In this sense, the PPE technique was used in the inverse geometry (IPPE)
configuration as shown in Fig. 4 to obtain the thermal effusivity of the samples [28].

The experimental setup (Fig. 4a) consisted of a commercial 50-um-thick PZT
sensor (PUI Audio, model AB2022A, 80,000 pF). A semiconductor diode laser
(model IFLEX-2000) is controlled by the TTL output of the lock-in amplifier (Stan-
ford Research Systems, model SR830). The PPE signal feeds a preamplifier (Stan-
ford Research Systems, SR540) and is sent to the lock-in amplifier. The pyroelectric
signal was taken in a range frequency from 0.6 Hz to 10 Hz in steps of 0.5 Hz and
the reference sample (water).

In IPPE configuration, the sample is placed on top of a pyroelectric transducer
where, on the opposite side, it is uniformly irradiated with modulated light with fre-
quency f. The transducer absorbs light and is optically opaque where the resulting
signal will be independent of the optical properties of sample. The theoretical model

X
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Fig.4 IPPE configuration: (a) Experimental setup (b) Multi-layered theoretical model
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of the distribution of temperature oscillations for this configuration was deduced by
Caerels et al. [28] using the 3-layer model see Fig. 4b.

In the case of a thermally thick sample, the distribution of complex temperature 0
() can be approximated by [30]:

[(1=e%)(1+b)+ (e7% = 1)1 - b)]

0 = 1)
@ [(g = D(1 = b)e™ " + (1 + g)(1 + b)e”" |

@)

where 6(w) is the output signal of the pyroelectric detector, w = 2xf, 6, = %,
P

Hp = 1 /Z—;, a,, 1, are the pyroelectric thermal diffusivity and its thickness, respec-

tively, b = % yg= :—g, with e, Cgs and e, are the sample, gas (air), and pyroelectric
14 14

thermal effusivity, respectively. Taking the PPE signal as a function of frequency, it
is possible to obtain the sample thermal effusivity from the best fit of Eq. 2 to the
experimental data, with b as the adjustment parameter. To avoid the dependence of
the pyroelectric signal on f, the obtained signal was normalized with the PPE signal
from empty cell (air) [29].

To determine the thermal effusivity as a function of frequency, the IPPE configu-
ration was used. The measurements of the compact and porous SiO, NPs were car-
ried out in water base, and concentration was 1 mg'mL_l. Before measurement, the
samples were placed in and ultrasonic bath for 10 min to homogenize. 1 mL of the
solution was placed inside the cavity of the IPPE configuration with a micropipette
to ensure the volume to be measured. The calibration of thermal effusivity was done
in water, and 6 measurements were performed for each sample.

3 Results and Discussion

The conventional method for the compact SiO, in comparison with the modified
method to obtain SiO, of porous structure reduces the reaction time, improving the
synthesis. In addition, the synthesis method developed in this work decreased the
reaction time compared to the previously reported. The results for the nanoparticles
characterization are shown.

3.1 DLS, SEM, TEM, and EDS Measurements

Through DLS and SEM techniques, the diameter of the compact SiO, particles with
a size of 216 + 13 nm was determined as shown in Fig. 5.

DLS and SEM techniques differ in sample preparation. For DLS, prior to meas-
urement, the sample is sonicated, and on testing, nanoparticles are suspended in the
solution showing a size distribution. In the case of SEM, a drop of the sample is
placed on the carbon tape and during drying, there is a volumetric contraction of
the drop, hence, agglomerates can form. If the nanoparticles in Fig. 5 are observed
in detail in the SEM micrograph, the size corresponds in the scale to approximately
216 nm, in agreement with the value of the Gaussian peak for the DLS.
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Fig.5 Estimation of the diameter of the compact SiO, NPs by (a) DLS technique (b) SEM

Also, for the measurement of the particle size distribution for the porous SiO,
particles, DLS and SEM techniques were used. The obtained value was 207 +44 nm.
Both techniques showed close values. Moreover, a pore size of 2.5 nm was observed
by TEM as shown in Fig. 6. Both techniques are different; in SEM, the electron
beam scans the surface of the sample, and for TEM, electrons are transmitted
through the sample.

On the other hand, the chemical composition of the SiO, NPs was determined
using EDS analysis. The elements correspond to those found in the literature for
compact and porous SiO, NPs. The composition of the samples was mainly silicon
(Si) and oxygen (O) with 67.89 wt% (78.72% mol) and Si 32.11wt% (21% mol),
which shows that the sample is 100% SiO,, as seen in Fig. 7.

3.2 FTIR Characterization

Characterization by infrared spectroscopy of compact (interdotted line) and porous
(dotted line) of SiO, nanoparticles is shown in Fig. 8, in which the absorption bands
associated with the characteristic stretching, bending, and wagging vibrations of the
SiO, group are shown. The main absorption peaks are located at 3400 cm™", 2350
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Fig. 6 Estimation of the diameter of the porous SiO, NPs by (a) DLS and SEM (b) TEM
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Fig.7 Typical spectrum of the SiO, NPs with the EDS technique
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Fig.8 Characterization by FTIR of compact and porous SiO, NPs

cm™', 1630 cm™, 1200 cm™, 1100 cm™', 960 cm™', 800 cm™', and 470 cm™". For
the compact SiO,, it is observed that the typical vibrations for SiO, are located at
1100 cm™', 800 cm™, and 470 cm™! corresponding to the stretch bonds of silicon
with oxygen [31, 32].

Peaks at 460, 795, and 1075 cm™' are related to the rocking bending, symmetric,
and asymmetric vibrations of Si—O-Si. The strongest peak attributed to Si—O bond
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stretching is located at 1100 cm™~!, while the 800 and 470 cm™! peaks are related
to O-Si—O and Si—O-Si bending of these groups [33]. The 3400 cm™! vibration is
due to the stretching of the OH band in the Si—~OH and water structures [34]. The
peak at 2350 cm™! is attributed to the carbon dioxide group, as well as the peak at
1630 cm™!. Also, this peak 1638 cm™! is attributed to the adsorbed water molecules.
It found a shoulder at 1200 cm™ close to the strong 1100 cm™! peak due to Si—O-Si
stretching. The 960 cm™! band is associated to the high surface area of silicon and
directly related to the surface silanol groups. Silanol is a functional group in silicon
chemistry with the Si—~O-H connectivity and is assigned to the Si—~OH stretching
vibration [33, 34].

3.3 XRD Determination

Figure 9 shows the XRD pattern of the porous SiO, sample, and the sharp, low-
angle (100) reflection peak demonstrates the characteristic of a typical mesoporous
structure. The relatively weak peaks indexed to the (110), (200), and (210) reflec-
tions of the hexagonal-2d (p6 mm) mesostructure confirm the highly ordered meso-
structure of the silica host [35]. Moreover, the XRD pattern revealed that the inten-
sities of the four peaks are related to the ordered hexagonal structure observed for
porous SiO, (calcined at 550°C) [36, 37].

In the inset in Fig. 9, the formation of compact pure SiO, NPs was also confirmed
by XRD analysis. The broad X-ray diffraction pattern of the silica indicates a typical

8000~
100
T 300 -
6000 £l
= i -
g 100
P
2 4000- 10 20 3‘0 A‘O 50 60 7‘0 8‘0 20 !-aﬂ_
o) 2 Theta (degrec)
2 -
£ i
2000 110 200
. 210
0 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10
2 Theta (degree)

Fig.9 Characterization by XRD of porous SiO, NPs
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form of amorphous solids and further confirmed the absence of any ordered crystal-
line structure. A broad peak (20=22°, (101)) confirmed the amorphous nature of
the silica [38, 39].

3.4 N, Adsorption-Desorption Isotherms

Figure 10 shows the N, adsorption—desorption isotherms for both compact and
porous SiO, samples. The curve of Figs. 10a, b corresponds to a compact SiO, with
type II-b isotherm according to the IUPAC classification, with very narrow b points
at around 0.05 of P/P,. This behavior of isotherm is typical of dense aggregate of
particles and non-porous surfaces, which is in good agreement to the SEM analysis.
Moreover, the surface area of the sample was estimated to be 8.4 m>g~! (Fig. 10a)
and 13.2 mz-g_l (Fig. 10b) using the Brunauer—-Emmett-Teller (Sggr) model [40].
The hysteresis depicted on the SiO, sample with 13.2 m?g~! (Fig. 10b) must be
neglected, due to the very low-gas volume adsorbed which is assigned to materi-
als consisting of agglomerates of fine particles forming interparticle mesopores
[41]. Additionally, Fig. 10c shows the N, adsorption—desorption isotherm of porous
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Fig. 10 N, adsorption—desorption isotherms of SiO, (a) and (b) compact, (c) porous samples and (d)
BJH model for SiO, porous sample
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Table 1 Surface area
L Sample Surface area  Average Pore
determination for the compact S 2 1 b
ger (M™g™") pore size volume
and porous samples (nm) (em*g™h)

Compact SiO, (Fig. 10a) 8.4 - -
Compact SiO, (Fig. 10b) 13.3 - -

Porous SiO, (Fig. 10c) 1121.5 2.46 1.55
T T ' 14 T T T T T
.2,1 8 4
(a) (b)
15+ 4
> 221 1
= o
3 C 46l 1
é 23} ] g 16
s 2
5 24t { = 1
T g
5 2 e 1
& 25f 1 $ /
E o
o 26f J B ol ]
27 | . . . . 20 . . A 1 .
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Relative Cavity Lenght, Is (cm) Relative Cavity Lenght, Is (cm)

Fig. 11 Typical PPE signal In (a) amplitude and (b) phase as a function of the length of distilled water
sample for system calibration

Si0O, sample that was identified as isotherm type IV, which is a typical feature of
mesoporous materials, according to the IUPAC’s conventional classification. The
BET model enables to estimate high surface area of 1121.5 m?-g~!. Figure 10d dis-
closes the pore size distribution of this sample. It was estimated from the isotherm
using the BJH model that shows the average pore diameter of 2.46 nm and the total
pore volume is 1.55 cm?-g™!. The values of Sy, pore size determination of porous
material, total volume, and pore diameter are listed in Table 1.

As indicated by Table 1, the porous SiO, sample exhibits a surface area of 1121.4
m?.g~!, which is very large in comparison with the compact area of the compact
NPs. These results evidence that the microstructural characterization previously ana-
lyzed by SEM is in concordance with the synthesis method and pore diameter.

3.5 Thermal Diffusivity Obtained by TWRC Technique

The characteristic PPE signal of the TWRC, as a function of sample length in the
cavity, for distilled water sample is shown in Fig. 11. The amplitude and phase sig-
nals can be seen as a function of the cavity length. The solid line in Fig. 11a, b
shows the best fit of Eq. 1 to the experimental data for In of amplitude and phase,
respectively. From these fits, the water thermal diffusivities were 1.40+0.02x 107
ecm?s~! and 1.44+0.02x 10 cm*s~! for fixed 0.25 Hz frequency. These values
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Fig. 12 Pyroelectric signal of In (a) amplitude and (b) phase of compact SiO, nanoliquids of 216 + 13 nm
in water base as a function of the sample length in the cavity
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Fig. 13 Pyroelectric signal of the In (a) amplitude and (b) phase of the porous SiO, nanoliquids of
207 +44 nm in water base as a function of the sample length in the cavity

agree with the experimental and theoretical values reported in the literature [27, 30,
42].

The thermal diffusivity determination of compact SiO, NPs is seen in Fig. 12a,
b, where the In amplitude and phase signals are shown as a function of the sample
length in the cavity. Similarly, the thermal diffusivity of compact NPs for a parti-
cle size of 216+ 13 nm with a concentration of 1 mg-mL~! was 1.49+0.02x 107
cm?s~!. This is an average value from phase an amplitude of 6 measurements. On
the other hand, for the porous SiO, NPs with a size of 207 +44 nm, the thermal
diffusivity was 1.71 +£0.02x 107> cm?s™! as seen in Fig. 13a, b. The values of the
thermal diffusivity of the compact and porous NPs are summarized in Table 2 with a
significant increase in thermal diffusivity with respect to that of water.
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Fig. 14 IPPE signal of normalized amplitude and phase, as a function of light modulation frequency, of
compact SiO, nanoliquids of 211 nm in water base: (a) Amplitude, (b) Phase

3.6 Thermal Effusivity Obtained by IPPE Technique

The thermal effusivity measurements obtained by IPPE technique are shown in
Fig. 14a and 14b). For the thermal effusivity of compact NPs with a particle size
of 216+ 13 nm, the thermal effusivity was 1672+36 Ws”2.m=2.K~!. On the other
hand, for porous SiO, NPs with a size of 207 +44 nm, the thermal effusivity was
1676 +30 Ws">.m~2.K~!. The results of the normalized signal amplitude and phase
are shown in Fig. 15a, b, respectively. The average values are shown in Table 2.

The relationship between the thermal diffusivity and effusivity is given by
k=e(a'/?). The uncerltainties were estimated from error propagation [43]:
Ak = K[ (&)" + G 22)7]°

From the previous analysis, it was observed that similar particle size was obtained
for compact and porous SiO, NPs (216 + 13 nm for the compact and 207 + 44 nm for
the porous SiO,). Therefore, the surface area of porous NPs was higher. From the
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Fig. 15 IPPE signal of normalized amplitude and phase, as a function of light modulation frequency, of
the porous SiO, nanoliquids of 211 nm in water base: (a) Amplitude, (b) Phase

@ Springer



6 Page 16 of 20 International Journal of Thermophysics (2023) 44:6

FTIR results, the increase in the size of the signal intensities was observed. Then,
it can be concluded that there is an increase in the surface area for the porous SiO,
sample, related to the surface silanol groups [32, 33]. For the compact and porous
SiO, NPs, the EDS composition of the samples was mainly silicon (Si) and oxygen
(O) with 67.89 wt% for O and Si of 32.11wt%, respectively. Then, the sample is
100% SiO,. From the relationship k = ey/D of the thermal conductivity, based on
the obtained values of the thermal diffusivity and effusivity, it was possible to obtain
the k values of compact and porous samples. In column 5 of Table 2, the k values
are summarized. The values of thermal parameters, thermal effusivity, thermal dif-
fusivity, and thermal conductivity were similar to the values reported in the litera-
ture shown in Table 2. From the obtained results, by TWRC and IPPE techniques,
an increase of 14.7% was observed in the thermal conductivity of porous SiO, NPs
samples (0.6914+0.015 W-m~".K~!) when compared to the thermal conductiv-
ity of the compact NPs (0.6453+0.013 W-m~".K~!). From the results of the BET
method [41], surface area for the porous SiO, NPs of 207 nm in size was 1121.5
m?.g~! with a pore size of 2.46 nm. On the other hand, for the compact NPs with
a size of 216 nm, the surface area was 8.86 mz-g_l. Hence, the surface area of the
porous was higher than the compact. This behavior was also reported using the tech-
niques of the Mobil Corporation of Matter (MCM), in which highly porous solids
of approximately 2 nm in diameter were prepared and surface area of 1000 m?.g~!
[1, 42, 44]. In the work of Chopkar, studies of the relationship between the effec-
tive thermal conductivity of nanofluids as a function of the size of the nanoparticle
showed that the smaller the size, the higher the thermal conductivity of the nano-
fluid. This increase in conductivity was attributed to the higher surface area of the
Al,Cu and Ag,Al nanoparticles [45]. On the other hand, Xie et. al., 2002 [46] sup-
port that the change in thermal conductivity is due to two factors: when the size of
the nanoparticle (Al,O5) decreases, the surface area of the nanoparticle increases
and therefore, its interfacial area increases. Second, the mean-free path of the pho-
nons is estimated to be comparable to the size of the nanoparticle; then, the thermal
conductivity increases when the size of the nanoparticle decreases, because the first
factor is dominant. Therefore, it can be concluded that more complete models are
still lacking to explain the experiments as a function of nanoparticle size, shape, vol-
ume fraction, surface area, and host fluid mixing, and these have not been developed
yet.

On the other hand, a theoretical hydrodynamic model of the effective thermal
conductivity of Si nanoporous media for rigid particles in a fluid (k=k;‘Si 0p)» adapted

for porous SiO, and to support the results that were used [47-49]:
2k, + (1 +2a)k, + 2€[(1 — @)k, — k|

ef k ’
psio2 — 'm 2k, + (1 + 2a)kp - 8[(1 —ak, — km] ©

where ¢ is the porosity, &, is the nanopore thermal conductivity, k,, is the bulk ther-
mal conductivity of the host medium being the bulk SiO, and @ which is a dimen-
sionless parameter that describes the interaction between the nanopore and the
medium, given by [48]: @ = Rk, /r, where r, is the nanopore radius and R is the
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4 4
ot whereC,,,v,,,

m¥m Py
C, y v, represents the specific heat capacities and phonons group velocities of the
bulk medium and the mesoporous, respectively. From the Knudsen expression, in

the asymptotic limit is [51] &, is

thermal boundary resistance coefficient given by [50]: R =

3k0 A o
L 3zKn 1, where Kn = _psioz

» = Kn? arctan2zKn) r,

“4)

where k9 is the value of thermal conductivity for air, Kn is the Knudsen number and

P
A, sig, 18 the mean-free path. Using the experimental values obtained: £ =0.40, k,=

w
7.95% 107k, k, = 1.3, r, = 2.46nm, R=9.91 x 10° m*K-J™\.a = 4773.57,
K0 =0.026-", A, ,=256 nm and C,, = 4.18x10° Jm—K"', Cp =256 J-m™,
v, = 294248.825, v, = 1804 m-s~!. For constant viscosity at T=300 K. Using

these values, the conductivity obtained for the porosity and pore size with the model

was k;zioz = 0.6500% which is a value very close to the experimental value
obtained 0.6914 W-m~!-K~! (Table 2).
In the same way, the thermal conductivity for the compact SiO, NPs was calcu-

lated using the Hamilton-Crosser model [52]:

P ky + (n = Dk, — (n = D, (k, — k,,)
TN k(0= Dy + b, (K — k)

&)

where k; = 0.6026 W-m~LK™! is the thermal conductivity of base fluid, n = 1

is the sphericity factor and ¢,, = 0.039 is the volume percent of the NPs in the
base fluid. The value of the thermal conductivity obtained from the model was
0.6102 W-m~.K~! similar to the experimental value which was 0.6453 W-m~!.K~!
as seen in Table 2. Therefore, the thermal conductivity for the hydrodynamic model
depends on two parameters: porosity and particle pore size. Then, for pore sizes
less than 2.46 nm, the thermal conductivity was 0.65 W-m~!-K~!, increasing with
respect to the compact nanoparticle.

Table 2 summarizes the experimental values obtained. It can also be seen that the
values are similar to the base liquid reported in the literature [1].

4 Conclusions

The compact monodisperse SiO, NPs were synthesized using the Stober method.
Due to the modification of the reagents, the synthesis was done in a shorter time
than that reported in previous articles without compromising its structure. By adding
a cationic surfactant to the synthesis using the modified Stober method, monodis-
perse porous SiO, NPs were synthesized with a shorter time than the compact ones.
The pH value was fundamental to control the size of the nanostructure as well as
the synthesis time and the dropping of the silicon precursor, with a constant speed.
The FTIR and EDS analysis showed the typical functional groups and elemental
composition associated to the SiO, NPs. The compact and porous SiO, NPs were
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analyzed using the TWRC and IPPE techniques which were used for the first time to
determine the porous SiO, NPs thermal diffusivity, effusivity, and conductivity. An
increase of thermal conductivity of the porous SiO, NPs was observed compared to
the compact nanoparticles, with an enrichment of the 14.7%. On the other hand, a
hydrodynamic model and the Hamilton-Crosser model were adapted to calculate the
thermal conductivity of the porous and compact SiO, NPs, respectively to support
the effect of the presence of porosity and pore size on thermal conductivity. The
results of our experimental analysis showed close similarity with the theoretical val-
ues with pore radius of 2.46 nm, where the influence of the pore and pore size of the
nanoparticle is relevant. The TWRC and IPPE techniques are promising techniques
to analyze transparent, opaque, and thermally thick nanofluids.
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