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Investigation on Thermodynamic Properties of a Water-Based Hematite Nanofluid
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A friendly environmental method was used to prepare a water-based hematite (c.-Fe;O3) nanofluid through
a simple biomolecule-assisted hydrothermal process. The molar heat capacities of the obtained nanofluids,
base fluids, and hematite nanoparticles were measured by a high-precision automatic adiabatic cal orimeter
over the temperature range of (290 to 335) K, respectively. Polynomial equations of the molar heat
capacities as a function of temperature were fitted by aleast-squares method for the solid and nanofluid
samples. 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 on the basis of the fitted polynomials
and the relationships of the thermodynamic functions. On the basis of the as-obtained molar heat
capacities, the excess heat capacities of the nanofluids were calculated. These excess heat capacities
reveal that the stable hematite nanofluids exhibit unique properties compared with the unstable one.

Introduction

As a novel class of heat transfer fluids, nanofluids have
attracted tremendous interest compared to that of traditional
fluids. Since the conception of nanofluids were 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. During the past
decade, significant progress in the synthesis of nanofluids has
been made, and many metallic or nonmetallic nanofluids have
been achieved. It was reported that the thermal conductivity of
these nanofluids was enhanced compared to base fluids.? *° The
reasons for the thermal conductivity enhancement in nanofluids
have also been investigated.™*~** However, the thermodynamic
properties of nanofluids have not been reported as far as we
know.

Herein, hematite nanofluids were prepared via a smple one-
step biomolecule-assisted hydrothermal route at low temperature.
The molar heat capacities of the as-prepared nanofluids, base
fluids, and solid hematite nanoparticles were measured by a
high-precision automatic adiabatic calorimeter. On the basis of
experimental results, the excess heat capacities of the nanofluids
were obtained.

Materials and Methods

All of the reagents used in our experiment were of anaytical
grade and used without further purification. A typical experiment
was as follows: 50 mL of 0.02 M L-glutamic acid aqueous
solution was heated gradually to boiling. Subsequently, acertain
quantity of 1.00 M FeCl; and 1.00- 1072 M HCI mixture solution
was added dropwise to the boiling L-glutamic acid agueous
solution under constant stirring and reflux for 2 h. The homo-
geneous solution was subsequently transferred into a stainless
Teflon lined autoclave and heated at 100 °C for 48 h. The
autoclave was cooled to room temperature naturaly, and
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hematite nanofluids were obtained. The resulting solid product
was centrifuged and washed successively with absol ute ethanol
and distilled water. The resultant hematite nanofluids are |abeled
as SA1, SA2, SA3, and SA4, which correspond to the various
concentrations of FeCl; solution such as (0.10, 0.15, 0.20, and
0.40) M, respectively.

A high-precision automatic adiabatic calorimeter was used
to determine the heat capacities of the as-prepared nanofluids,
base fluids, and solid hematite nanoparticles over 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 structure of the adiabatic calorimeter have been described
in detail elsewhere.**> The temperature increment was con-
trolled to be (2 to 3) K during the whole experimental process.
The mass of the solid hematite nanoparticles used for the molar
heat capacity measurements was 1.43590 g, which was equiva-
lent to 0.00899179 mol, on the basis of the corresponding molar
mass of 159.690 g-mol~. The volumes of the nanofluids and
base fluids used for heat capacity measurements were about
25 mL.

Before determination of the heat capacity of the as-obtained
samples, the reliability of the automatic adiabatic calorimeter
was verified via measurements of the standard reference material
o-Al,03. On the basis of our experimental results, the deviations
were within + 0.2 % compared with the values recommended
by the National Bureau of Standards over the temperature range
of (80 to 400) K.*®

Results and Discussion

The photos of the as-obtained nanofluids are presented in
Figure 1. Figure 1 shows that the precipitation is found out at
the bottom for the nanofluid SA4 when the as-prepared
nanofluids were obtained after several minutes. The as-prepared
nanofluids SA1 and SA2 are stable for about two weeks; the
nanofluid SA3 is stable for about one week at ambient
conditions. These obtained results demonstrate that the nanofluid
becomes more stable when the concentration of FeCl; solution
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Figure 1. Photos of the as-prepared nanofluids.
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Figure 2. Curve of the experimental molar heat capacity of the as-prepared
solid hematite nanoparticles as a function of temperature.

is decreased. The main reasons for the lack of stability of the
nanofluid SA4 may be due to the gravity effect, because the
size of the dispersed nanopaticlesin nanofluid SA4 isthe largest
among the as-fabricated nanofluids (the images of the as-
prepared solid particles investigated by transmission electron
microscopy (TEM) are not shown here.).

Typical X-ray diffraction (XRD) patterns of the as-synthe-
sized solid nanoparticles are shown in the Supporting Informa-
tion. All of the reflection peaks can be indexed to pure hexagona
hematite. No other characteristic peak was detected for impuri-
ties such as 3-FeOOH, Fe;0,, and y-FeOs.

The experimental molar heat capacities of the as-prepared
nanofluids, base fluids, and hematite nanoparticles were deter-
mined by a high-precision automatic adiabatic calorimeter over
the temperature range of (290 to 335) K. The base fluids were
obtained by removing the solid nanoparticles from the nanof-
luids. The curves of the experimental molar heat capacities to
thermodynamic temperature for solid hematite nanoparticles,
nanofluids, and base fluids are shown in Figures 2 and 3.

Asshown inFigure 2, it is evident that the experimental molar
heat capacities of the solid hematite nanoparticles increase with
increasing experimental temperature. In our experiment, the
experimental molar heat capacities of the as-prepared solid
hematite nanoparticles are larger than those of a previous
literature report.” The molar heat capacities of the nanofluids
are larger than those of the base fluids at the same temperature
as given in Figure 3. As shown in Figure 3, the molar heat
capacities of the nanofluids and base fluids for SA1, SA2, and
SA3increase with increasing experimental temperature, but the
values change dlightly during the whole experimental temper-
ature. The heat capacities of the as-prepared base fluids are
greater than those of water obtained in our previous report.*®
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However, the nanofluid SA4 has unique properties compared
with the stable nanofluids, such as SA1, SA2, and SA3. The
molar heat capacities for the nanofluid SA4 decrease when the
experimental temperature increased. It may be related to the
stability of the nanofluid. These results need to be investigated
further.

The experimental molar heat capacities of the solid hematite
nanoparticles and nanofluids werefitted to a polynomia equation
in reduced temperature (X) via least-squares fitting.*® The
detailed results are summarized in Table 1. The smoothed molar
heat capacities of the nanofluids SA1, SA2, SA3, and SA4, and
the solid hematite nanoparticles were calculated on the basis of
the fitted equations, respectively, and the results are listed in
Table 2. The changes of the thermodynamic functions of the
solid hematite nanoparticles and the nanofluids, such as AH and
AS were dso calculated by the following thermodynamic
equations:

AH = H(T/K) — H(298.15) = [ C,.dT (1)

C
T ()

AS= S(T/K) — S(298.15) = [0 .~

The changes of the thermodynamic functions for the nanof-
luids and the solid hematite nanoparticles, such as AH and AS,
which are the values of the enthalpy and entropy of the samples
relative to the reference temperature of 298.15 K, are also given
inTable 2 at 5 K intervals, respectively. According to Table 2,
it is shown that the values of ASincrease when the experimental
temperature increased for these as-obtained samples. These
results demonstrate that the molecules of the samples became
more active with increasing experimental temperature.

The excess molar heat capacities for the as-obtained nanof-
luids were calculated via the following equation:

C:im = Cp,m - XCp,m,l - (1 - X)Cp,m,2 (3)

where C,m1 and Cppn. are the experimental molar heat
capacities for the as-obtained solid hematite nanoparticles
and base fluids, respectively. C, . is the experimental molar
heat capacities for the nanofluids, and x is the molar fraction
of hematite nanoparticles in the nanofluids. The obtained
results are displayed in Figure 4. As shown in Figure 4, it
can be observed that the excess molar heat capacities of the
nanofluids decrease at the beginning. When the experimental
temperature is further increased, the excess molar heat
capacities of the nanofluids SA1, SA2, and SA3 became about
constant. However, the excess molar heat capacities of the
nanofluids SA4 still decreased. From (290 to 335) K, the
values of the excess molar heat capacities are all positive
for SA1, SA2, and SA3. When the experimental temperature
is greater than about 320 K, the values of the excess molar
heat capacities become negative for the nanofluid SA4.
Positive CE,, values indicated more structure in the solu-
tion.”° The positive C&, , value indicates that the interactions
between the hematite and the base fluids formed.

Influences of L-glutamic acid molecules on the stability of
the nanofluid were investigated. No stable nanofluid was
obtained, and the precipitation was found at once in the reaction
system, when L-glutamic acid molecules were not used in the
experiment. The observed results demonstrate that the action
of L-glutamic acid molecules is similar as a surfactant, which
promotes the stability of nanofluids.

The Brownian motion of the dispersed hematite nanopar-
ticles in the nanofluid are enhanced when the experimental
temperature isincreased. Under this condition, agglomeration
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Figure 3. Curves of experimental molar heat capacities of nanofluids and base fluids as a function of temperature: (a) nanofluid SA1, (b) nanofluid SA2, (c)

nanofluids SA3, (d) nanofluid SA4 (@, nanofluid; O, base fluid).

Table 1. Polynomial Equations of the As-Prepared Solid Hematite Nanoparticles and Nanofluids

sample polynomial equations reduced temperature (X) correlation coefficient (R?)
hematite nanoparticles ~ Cpn/(J-K™2-mol~%) = 107.012 + 5.308X — 0.761X> + 0.338X® — (T/IK—313)/23 0.99996
0.105X* — 0.191X°
SA1 Cpm/(J-K™2-mol™?) = 79.354 + 0.123X — 0.033X? + 0.008X® + (T/IK—313)/23 0.99996
0.005X* — 0.006X>
SA2 Cpm/(J-K™2-mol™?) = 79.593 + 0.110X — 0.014X? — 0.002X® — (T/IK—314)/23 0.99995
0.003X* — 0.001X°
SA3 Cpm/(J-K™2-mol™%) = 79.776 + 0.142X — 0.006X? — 0.014X® — (T/IK—313)/23 0.99992
0.013%* + 0.011X°
SA4 Cpm/(J-K™2-mol™%) = 79.819 — 0.214X — 0.026X? + 0.014X® + (T/IK—314)/23 0.99981

0.007X* + 0.008X°

of hematite nanoparticles could easily form, which leads the
excess heat capacities to decrease. It is generally accepted
that the agglomeration results in settlement. From Figure 4,
it isfound that the excess heat capacities for the as-prepared
nanofluids SA1, SA2, and SA3 are about constant when the
experimental temperature is increased from (325 to 335) K.
The results indicate that the agglomeration of the as-obtained
hematite nanoparticles in the nanofluids would not continue
and could not lead to precipitation. Compared with the stable
nanofluids, the unstable nanofluid SA4 exhibits unique
properties. The excess heat capacity decreased from positive
to negative as the experimental temperature increased. From
these results, we can infer that the agglomeration of the
hematite nanoparticles would be formed, and result in
settlement with increasing experimental temperature for SA4.
To confirm the experimental results, the nanofluids SA3 and

SA4 were heated to about 340 K. No precipitation was found
for the nanofluid SA3. However, precipitation was found for
the nanofluid SA4. The solid hematite nanoparticles were
obtained by centrifugation of the nanofluids SA3 and SA4,
and TEM images of the as-obtained solid hematite nanopar-
ticles are shown in the Supporting Information. It is clearly
found that the agglomeration of hematite nanoparticles was
insignificant for the nanofluid SA3. However, the aggregation
of hematite nanoparticles is obvious for the nanofluids SA4.
These observed results are in agreement with those observed
by calorimetry.

Conclusions

In summary, we have presented a simple biomolecul e-assisted
hydrothermal route to prepare hematite (a-Fe,O3) nanofluids



Table 2. Smoothed Heat Capacities and Thermodynamic Functions
of the As-Prepared Solid Hematite Nanoparticles and Nanofluids

T Com AH AS
K J-K™temol~* J-mol~t J-K™temol~*
Hematite Nanoparticles
290 100.90 —0.832 —2.829
295 102.33 -0.324 —1.092
300 103.73 0.191 0.640
305 105.06 0.713 2.366
310 106.31 1.242 4.084
315 107.47 1.776 5.795
320 108.57 2.316 7.496
325 109.62 2.862 9.817
330 110.64 2413 10.869
335 111.62 3.968 12.540
298.15 103.22 0.000 0.000
SAl
290 79.20 —0.646 —2.196
295 79.24 —0.250 —0.842
300 79.27 0.147 0.490
305 79.31 0.543 1.801
310 79.34 0.940 3.091
315 79.36 1.336 4.360
320 79.39 1.733 5.611
325 79.41 2.130 6.842
330 79.43 2.527 8.054
335 79.45 2.925 9.249
298.15 79.26 0.000 0.000
SA2
290 79.46 —0.648 —2.203
295 79.49 —0.250 —0.844
300 79.52 0.147 0.492
305 79.55 0.545 1.807
310 79.57 0.943 3.100
315 79.60 1.341 4.374
320 79.62 1.739 5.627
325 79.64 2137 6.862
330 79.66 2,535 8.054
335 79.68 2.933 8.078
298.15 79.51 0.000 0.000
SA3
290 79.62 —0.649 —2.208
295 79.66 —0.251 —0.846
300 79.69 0.147 0.493
305 79.73 0.546 1.810
310 79.76 0.945 3.107
315 79.79 1.344 4.383
320 79.82 1.743 5.640
325 79.84 2.142 6.878
330 79.87 2541 8.097
335 79.89 2,941 9.298
298.15 79.68 0 0
SA4
290 80.00 —0.652 —2.217
295 79.97 -0.252 —0.849
300 79.94 0.148 0.495
305 79.90 0.547 1.815
310 79.86 0.947 3114
315 79.81 1.346 4,392
320 79.76 1.745 5.648
325 79.71 2.144 6.884
330 79.66 2.542 8.101
335 79.62 2.940 9.299
298.15 79.95 0 0

at low temperature. No surfactant was used in the whole
fabrication process. The experimental molar heat capacities of
the as-obtained nanofluids, base fluids, and solid hematite
nanoparticles were measured. The thermodynamic functions
were also calculated. On the basis of the as-obtained molar heat
capacities, the excess heat capacities for the as-prepared
nanofluid samples were calculated. The results show that the
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Figure 4. Excess molar heat capacity of the as-obtained nanofluids at
different temperatures: O, SAL; W, SA2; @, SA3; and O, SA4.

stable hematite nanofluids exhibit different properties compared
with the unstable nanofluid.

Supporting Information Available:

XRD patterns of the solid a-Fe,O; nanoparticles obtained from
different nanofluids and TEM images of the as-obtained solid
hematite nanoparticles from the heated nanofluid samples. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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