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ABSTRACT: An n-butanol-based nanofluid containing nanowire-shaped 5-FeOOH was synthesized by a solvothermal method.
The nanofluid was stable for 7 days without any precipitation with 3.0 mM SDBS as stabilizer. Uniform 3-FeOOH nanowires with
high aspect ratios were fabricated. The heat capacities of the obtained 3-FeOOH sample, the base fluid, and the nanofluid were
determined by an adiabatic calorimeter. Smoothed heat capacities and thermodynamic functions of the obtained samples, such as
H(T/K) — H(298.15 K) and S(T/K) — $(298.15 K), were calculated based on the fitted polynomials and the relationships of the
thermodynamic functions. These results are very useful to apply to the as-produced nanowire-shaped 3-FeOOH and the nanofluid

in engineering fields.

H INTRODUCTION

Since the conception of nanofluids was proposed for the first
time by Choi in 1995, there has been intensive research interest
not only for their important applications but also for their
scientific and technological importance. It was reported that
the thermal conductivity of these nanofluids was enhanced
compared to the base fluids.”"" The reasons for the thermal
conductivity enhancement in nanofluids have also been investi-
gated."” " In our previous report,"> thermodynamic properties
of a water-based hematite nanofluids were determined.

The polymorphs of iron oxyhydroxide consist of 0-FeOOH
(goethite), -FeOOH (akaganeite), and y-FeOOH (lepidocrocite).16
Among these iron oxyhydroxides, f-FeOOH, as a stable iron
oxide, which has a large tunnel-type structure, has received wide
attention because of its unique properties. As a promising
candidate for an electrode material, 5-FeOOH exhibits good
electrochemical properties with a high theoretical discharge
capacity (302 mA-h-g ')."” B-FeOOH has been used as a
precursor for the preparation of ferromagnetic a-Fe,05.'%"? In
our previous paper,”’ thermodynamic properties of rod- and
spindle-shaped 3-FeOOH crystals were studied. Over the past
decades, one-dimensional (1D) nanostructured materials, such
as nanotubes, nanorods, or nanowires, have attracted extensive
attention, because these materials have unique electronic, optical,
chemical, and thermal properties and widespread potential
applications in optics, electronics, magnetics, catalysis, sensors,
biotechnology, and even as building blocks for nanoscale
devices.”' >* Thermodynamic properties of carbon nanotubes
have been studied in our laboratory.”® However, to the best of
our knowledge, the molar heat capacities of one-dimensional
B-FeOOH have not been reported so far. It is of great significance
to obtain the molar heat capacities of one-dimensional 5-FeOOH
and furthermore to fully understand this material.

Herein, stable n-butanol-based [3-FeOOH nanofluids and
B-FeOOH nanowires were prepared through a one-step sol-
vothermal method. The heat capacities of the nanofluid, base
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fluid, and solid S-FeOOH nanowires were measured by a high-
precision automatic adiabatic calorimeter. To our best knowl-
edge, n-butanol-based nanofluids have not been investigated
until now.

B EXPERIMENTAL SECTION

All chemicals were of analytical grade and used without further
purification. A typical experiment was as follows: 3.0 mmol of
FeCls-6H,0 and 0.5 mmol of urea were mixed in 50 mL of n-
butanol. An anionic surfactant, sodium dodecyl benzene sulfo-
nate (SDBS), was added into the solution, in which the con-
centration of SDBS was controlled at 3.0 mM. The solution was
heated to 70 °C and maintained for 5 h. The solution subse-
quently cooled down to room temperature naturally. The nano-
fluid was formed. The solid sample was obtained by centrifuging
the nanofluid and washing several times with distilled water and
alcohol, sequentially.

The crystalline phase of the as-prepared solid product was
characterized by a Rigaku D/MAX-XA power X-ray diffraction
meter with Cu Kot radiation (4 = 1.5405 A). A scanning rate of 0.1
deg-s™ " was applied to record the pattern in the 26 range of (10
to 700) deg. The mean size and morphology of the solid product
was examined by a transmission electron microscope (TEM,
Hitachi, model H-800) using an accelerating voltage of 200 kV.

A high precision automatic adiabatic calorimeter was used to
determine the heat capacities of the as-prepared nanofluids, base
fluids, and solid hematite nanoparticles in the temperature range
of (290 to 335) K. The calorimeter was established in the
Thermochemistry Laboratory of the Dalian Institute of Chemical
Physics, Chinese Academy of Sciences. The principle and
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Figure 1. Photograph of the as-produced nanofluid deposited for
7 days.

structure of the adiabatic calorimeter have been described in
detail elsewhere.'*** The temperature increment was controlled
to be (2 to 3) K during the whole experimental process. The mass
of the solid product used for the molar heat capacity measure-
ment was 1.53875 g, which is equivalent to 0.017317 mol, based
on the corresponding molar mass of 88.858 g-mol . The
volume of the nanofluids and base fluids used for the heat
capacity measurements was about 4.6 mL.

Before the determination of the heat capacity of the as-
obtained samples, the reliability of the automatic adiabatic
calorimeter was verified via measurements of the 0-Al,O3
reference standard material. On the basis of our experimental
results, the deviations were within & 0.2 % compared with the
values recommended by the National Bureau of Standards in the
temperature range of (80 to 400) K>

B RESULTS AND DISCUSSION

After depositing for 7 days, the image of the as-obtained
nanofluid is shown in Figure 1. No precipitate was found in the
as-prepared nanofluid. This result shows that a stable n-butanol
based nanofluid was obtained in the present conditions. Various
concentrations of SDBS were added into the reaction system to
study the effects of SDBS on the stability of the nanofluid, in
which other experimental conditions were kept the same. The
images of these nanofluids after depositing for 7 days are shown
in the Supporting Information as Figure S1. Yellow precipitation

was found at the bottoms of the test tubes shown in Figure S1
parts A, B, and C, in which the concentrations of SDBS were
equal to (0, 1.0, and 2.0) mM, respectively. These results
demonstrate that the nanofluid becomes more stable when the
concentration of SDBS increased to 3.0 mM. Li et al. reported
that the stability of a water-based Cu nanofluid was increased
with increasing concentration of SDBS because the phenyl
sulfonic group adsorbed on the copper particles.” In the present
study, the phenyl sulfonic group may adsorb on the surface of the
as-produced particles. These groups induced the net negative
charge of the particles surface and also increased the repulsive
forces among these particles.

The solid product was obtained by centrifuging the nanofluid.
The crystal structure of the resulting sample was characterized by
using the X-ray powder diffraction (XRD) technique. Figure 2
shows the typical XRD pattern of the sample. All reflection peaks
can be readily indexed to a tetragonal 3-FeOOH phase with
lattice parameters a = (10.53 £ 0.01) A and ¢ = (3.03 + 0.01) A,
which are in agreement with the standard file of 5-FeOOH
(JCPDS 34-1266). XRD patterns of the solid samples produced
under various concentrations of SDBS are shown in the Support-
ing Information. No effect of concentration of SDBS on the
structure of the solid sample was found.

The morphology of the as-synthesized solid product was
investigated by TEM analysis. Figure 3 represents the typical
TEM image of the as-prepared sample, where the sample with
high yield (almost 100 %) wire-shaped morphology can be
found. The diameter of the wire was determined to be about
(3 to S) nm, and the length was about (30 to 90) nm. The aspect
ratio is about 6 to 30.

The experimental heat capacity of the as-prepared 3-FeOOH
nanowires was determined by a high-precision automatic adia-
batic calorimeter in the temperature range (290 to 350) K. The
curve of the experimental molar heat capacities of the 5-FeOOH
nanowires is shown in Figure 4 and listed in Table 1. To compare
the heat capacities of various morphologies of 5-FeOOH, the
heat capacities of rod- and spindle-shaped 3-FeOOH are shown
in Figure 4. The result obtained from Figure 4 indicated that the
heat capacity of the nanowire-like 5-FeOOH is the highest
throughout this temperature range. A similar result was obtained
for hematite nanoparticles,'® for which the molar heat capacity of
a nanoparticle is always higher than the same normal particle.
The surface area of the nanowire-like 3-FeOOH is the highest
among three kinds of 3-FeOOH particles. This may result in an
increase of the values of the heat capacity for nanoparticles.

The experimental molar heat capacities of the solid product
were fitted to a polynomial equation with respect to reduced
temperature (X) via a least-squares fitting.

Cpm/J-K ' emol™! = —1.0848X°
+ 1.277X* + 8.8191X + 92.12 (1)

where the coefficient of determination R* is 0.9994, and the
reduced temperature is calculated based on the equation X =
(T — 321.04)/21.42. The smoothed molar heat capacities of the
solid sample were calculated based on the fitted equation, and the
results are listed in Table 2. The changes of the thermodynamic
functions of the 3-FeOOH nanowires, such as AH and AS, were
also calculated by the following thermodynamic equations:

AH = H(T/K) — H(298.15) = /T CopmdT  (2)

298.1S

dx.doi.org/10.1021/je1008679 |J. Chem. Eng. Data 2011, 56, 915-919



Journal of Chemical & Engineering Data

— L
[} —
- o
o o

20 30 40

S0

20 /deg ree

Figure 2. XRD patterns of the as-produced 3-FeOOH particles.
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Figure 4. Curves of molar heat capacity of various morphologies of -
FeOOH nanowires vs thermodynamic temperature. O, nanowire; @,
rod; M, spindle.

T
Com

AS = $(T/K) — §(298.15) :/ bRar  (3)
298.15 T

The calculated changes in the thermodynamic functions of the
[-FeOOH nanowires, which were the values of the enthalpy and
entropy of the samples relative to the reference temperature

917

Table 1. Molar Heat Capacity of the As-Prepared Wire-

Shaped f-FeOOH

T Com T Com

K J-K 'emol ! K J-K 'emol !
299.62 85.602 323.07 93.005
301.83 85.899 324.97 93.873
303.92 86.496 326.87 94.800
305.86 87.103 32876 95.331
307.79 87.592 330.65 96.028
309.72 87.887 332.54 97.077
311.64 88.496 334.42 97.883
313.55 89.211 33643 98.899
31546 89.904 338.44 99.516
317.37 90.602 34045 100.30
319.27 91.221 34245 101.10
321.17 92.206 345.01 10224

Table 2. Thermodynamic Properties of the As-Prepared
Wire-Shaped /-FeOOH

T Cpm AH AS

K J-K 'emol ! J-K 'emol ! J-K 'emol !
290 85.32 —2.850 —9.691
295 85.24 —1123 —3.787
300 85.72 0.673 2.250
305 86.69 2.543 8.430
310 88.06 4.491 14.77
315 89.76 6.521 21.26
320 91.69 8.639 27.93
325 93.79 10.85 3478
330 95.95 13.15 41.80
335 98.11 15.54 49.00
340 1002 18.04 56.39
345 102.1 20.63 63.97
350 103.7 23.32 7172
298.15 85.48 0 0

298.15 K, are also given in Table 2 at 5 K intervals. According to
Table 2, it is shown that the value of AS increased as the
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Figure S. Curve of specific heat capacity of the nanofluid vs
temperature.
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Figure 6. Curve of specific heat capacities vs temperature: @, the base
fluid; solid left-pointing triangle34 and O, n-butanol.

experimental temperature increased. These results demonstrate
that the molecules of the sample became more active with
increasing experimental temperature.

The specific heat capacities of the nanofluid and the base
fluid were also determined by the adiabatic calorimeter and
displayed in Figures S and 6, respectively. The base fluid was
obtained by the removal of the solid nanoparticles from the
nanofluid. As shown in Figures 4, S, and 6, it is evident that the
experimental heat capacities of the solid 5-FeOOH nanowires,
the nanofluid, and the base fluid are increased with increasing
experimental temperature. To compare the specific heat capa-
cities of the base fluid and pure n-butanol, the specific heat
capacity of the n-butanol is also shown in Figure 6. The
observed results from Figure 6 demonstrate that the specific
heat capacity of the base fluid is higher than that of pure n-
butanol. The heat capacity of a base fluid is always replaced by
the pure solvent in experimental models for the calculation of
the thermal conductivity coefficient of the nanofluid.>* When
the specific heat capacity of the base fluid was replaced by that
of pure n-butanol, a deviation may be introduced into these
models. Thus, it is necessary to determine the heat capacity

of base fluid to calculate a thermal conductivity coefficient of
a nanofluid.

B CONCLUSIONS

An n-butanol-based nanofluid containing nanowire-shaped f3-
FeOOH was synthesized by a solvothermal method. Uniform -
FeOOH nanowires with high aspect ratios were fabricated. The
diameter of the as-obtained nanowire-shaped -FeOOH was
about (3 to 5) nm, the length was about (30 to 90) nm. The heat
capacities of the obtained -FeOOH nanowire, the base fluid,
and the nanofluid were determined by an adiabatic calorimeter.
The heat capacity of the nanowire-like 5-FeOOH is the highest
among various morphologies of 3-FeOOH particles. A polyno-
mial equation of molar heat capacity of the as-prepared wire-
shaped 3-FeOOH with respect to reduced temperature (X) was
established via a least-squares fitting. The heat capacity of the
base fluid is greater than that of pure n-butanol. The thermo-
dynamic functions, such as AH and AS, were also calculated.

B ASSOCIATED CONTENT

© Supporting Information. Photos of the as-prepared na-
nofluids and XRD patterns of the solid particles in Figures S1 and
S2. This material is available free of charge via the Internet at

http://pubs.acs.org.
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