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reports the study of the colloidal stability of surface modified nanoparticles using a
polymer and an amino-silane. The nanoparticles were prepared by one-step and two-
step methods using cobalt iron oxide nanoparticles with brine solution and deionized
water as the base fluids. Functionalization by surface modification of the nanoparticles
to enhance the nanofluids stability was carried out using (3-aminopropyl)
triethoxysilane (APTES) and polyvinyl alcohol (PVA). Characterization using Fourier
Transform Infrared (FTIR), Field Emission Scanning Electron Microscope (FESEM) and
X-ray Powder Diffraction (XRD) were performed to study the functionality and
morphology of the synthesized nanoparticles. The extra IR peaks such as Si-O-Si at 1063
cm! for CoFe;04-APTES and C=0 at 1742 cm-! for CoFe;04-PVA showed that there are
additional elements in the cobalt ferrite due to functionalization. The size of
synthesized CoFe;04-APTES ranged between 15.99 nm to 26.89 nm while CoFe,04-PVA
is from 25.70 nm to 54.16 nm. The stability of the nanofluid were determined via zeta
potential measurements. CoFe;04-APTES nanofluid has zeta potential of -35.7 mV
compared to CoFe,04-PVA at -15.5 mV.
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1. Introduction

The preparation of highly stabilized nanoparticles in base fluid, especially brine solution, is always
a real challenge. Many characteristics which include the size of nanoparticles, suitable acidity or
basicity, thermal stability and adequate concentration have to be met. The elemental features are
affected by the synthesis methods and by the properties of the system physically and chemically. For
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example, the size of nanoparticle depends on the temperature and duration of heating during the
synthesis, which influences the nanofluid stability. The bigger the size of nanoparticles, the tendency
for the nanoparticles to agglomerate at a faster rate is higher.

The methods used to synthesize nanoparticles also affect the rate of dispersion of nanoparticles
in base fluids [4]. One-step method and two-step method give different results in term of the stability
of nanofluids [12]. Two-step method is the synthesis of nanoparticles in powder form and
preparation of the nanofluids afterwards by dispersing the nanoparticles in base fluids with the aid
of magnetic force agitation, ultrasonic agitation or other ways of mixing tools. One-step method is
when the nanoparticles are synthesized and dispersed simultaneously in the base fluid. Most studies
show that one-step method give better results for the stability of nanofluids compared to two-step
method. One-step method requires less storage and less heat which result in smaller size
nanoparticles. Nanofluid might not perform at its optimum level due to the separating layer between
the base fluid and nanoparticles. The base fluid can be any form of liquid, such as oil, water or gas
[1].

The formulation of nanofluids from metal oxide nanoparticles is quite popular due to their
impressive features [10]. The electronic structure of metal oxide nanoparticles can exhibit as
insulator, semiconductor or metallic which may be applied in the fabrication of fuel cells, sensors,
microelectronic circuits and catalysts [5]. CoFe>04 is one of magnetic nanoparticles that has attracts
great interest due to its dynamic thermal parameter and magnetic properties, suitable for
applications in catalysis, magnetic fluids, high-density magnetic recording, solar cells, spintronics and
data storage [13]. CoFe;04 nanoparticles are widely utilized due to their mechanical hardness,
chemical stability, electromagnetic performance and excellent cubic magneto crystalline anisotropy
[9]. However, due to its high surface area, nanoparticles tend to agglomerate especially in high
salinity solvent because of the high ionic strength.

In this study, the stability of nanofluids of different base fluids, namely brine and deionized water,
with one-step and two-steps synthesis methods and concentrations were compared. Besides that,
the dispersion of surface modified nanoparticles with silane and polymer in base fluid were studied.
In this work, surface modification was conducted using water soluble polymer, polyvinyl alcohol
(PVA) and amino-silane, (3-aminopropyl) triethoxysilane (APTES).

2. Methodology

The experimental methods consist of the preparation of brine, synthesis of cobalt iron oxide
nanoparticles, surface modification, preparation of nanofluids and characterizations. A&D Weighing
GR-202 analytical balance was used for all the weight measurements done in this study with precision
of up to 0.0001 g.

2.1 Preparation of Brine

Table 1 shows the compounds needed to formulate 1 L of brine to mimic the salinity of sea water.
The compounds were purchased from Merck and distilled water as the solvent for brine solution was
prepared from Water Still-WS 4L.

Each compound stated in the Table 1 is weighed using analytical balance. The weighed
compounds were mixed in enough deionized water such that the resultant volume was 1L and stirred
with magnetic stirrer to ensure that the chemicals were dissolved completely. The solution was then
filtered with 0.45 mm pore size filter paper.
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Table 1

List of compounds for 1L of brine
Compounds Weight (mg)
CaCl22H.0 1330.479
MgCl22.6H20 10283.569
KCl 720.728
NaCl 24927.525
NaHCOs 216.168
Na2504 3196.751

2.2 Synthesis of CoFe;04Nanoparticles and Surface Modification

Cobalt nitrate, iron nitrate and sodium hydroxide were purchased from Merck. For the surface
coating purposes, polyvinyl alcohol and (3-aminopropyl) triethoxy silane were also obtained from
Merck.

2 mol of cobalt nitrate and 4 mol of iron nitrate were dissolved in 15 ml of deionized water. The
mixture was stirred for 15 minutes at room temperature with magnetic stirrer. Then, 1M of sodium
hydroxide was slowly dropped into the mixture until it reached a pH of 12. After stirring for another
15 minutes, hydrothermal growth by autoclaving was conducted for 5 hours at 200°C. The product
was washed by centrifugation.

For surface modification, 3 g of polyvinyl alcohol and (3-aminopropyl) triethoxy silane were mixed
in deionized water before adding in the precursors for all of the nanoparticles. After the polymer
solution and the precursors of the nanoparticles was stirred, it was sonicated using ultrasonic horn
at 200W for 1 minute.

2.3 Preparation of Nanofluids

The nanofluids were prepared by one-step and two-step methods with 0.1 wt.%, 0.2 wt.%, 0.3
wt.%, 0.4 wt.% and 0.5 wt.% of nanoparticles dispersed in 10 ml of either brine or deionized water as
the base fluids. For the one-step method, the nanoparticles were synthesized and dispersed
simultaneous into the base fluid. During washing, it was centrifuged with ethanol 3 times and with
brine solution during the fourth time. In the two-step method, the powder form of the synthesized
nanoparticles was dispersed in the based fluid. During washing, the nanoparticles were centrifuged
with ethanol 3 times followed by drying in the oven at 70°C for 10 hours and then dispersed in base
fluid by ultrasonic bath.

2.4 Characterizations

The physicochemical properties of the synthesized CoFe,01 were characterized by advanced
analytical equipment such as Fourier Transform Infrared (Thermo Scientific Nicolet iS50), X-ray
Powder Diffraction (Bruker AXS D8), Field Emission Scanning Electron Microscope (Ziess Supra 55 VP)
and Zeta Potential (ZP). The synthesized CoFe;04 nanoparticles were characterized by X-ray Powder
Diffraction (XRD) for its phase peaks. The presence of the polymer and amino-silane in the CoFe,0s-
APTES and CoFe;04-PVA nanoparticles were analysed by Fourier Transform Infrared (FTIR) peaks. The
stability of the prepared nanofluids were observed physically based on the rate of dispersion of
nanoparticles in base fluids. The stability of nanoparticles in base fluids were verified by zeta potential
analysis. The stability of nanofluids with different chemicals used for surface modification were
compared.
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3. Results and Discussion
3.1 XRD Results

The XRD pattern of the prepared functionalized CoFe,04 were compared with pure CoFe;04 as
shown in Figure 1. The characteristic peaks at angles 30.40°, 35.71°, 43.40°, 53.75°, 57.27° and 62.81°
are indexed as the reflection planes of (220), (311), (400), (422), (511) and (440) respectively
confirmed the single-phase inverse spinel structure of CoFe,0s4-PVA nanocrystals when the
mentioned synthesis procedure was performed [8]. The additional peaks for CoFe,04-PVA showed
the additional elements due to functionalization process. However, CoFe;04-APTES showed low
intensity for every peak which might be due to its amorphous structure. The XRD pattern illustrates
that silane group affects the crystal structure of CoFe;0a.
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Fig. 1. CoFe;0,and Functionalized CoFe,04XRD pattern

3.2 FESEM Imaging

Imaging of the surface-modified nanoparticles was conducted using Field Emission Scanning
Electron Microscope (FESEM) at 100k times magnification. The image of CoFe,04-APTES and CoFe;0s-

PVA are shown in Figure 2.
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Figure 2(a) shows that the size of the CoFe,04-APTES particles ranged from 15.99 nm to 26.89
nm, whereas from Figure 2(b), CoFe;04-PVA ranged from 25.70 nm to 54.16 nm. Comparing both
images, the morphology of CoFe>04-APTES shows less agglomeration. The images show that CoFe;04
with APTES functionalization gives better separation among the nanoparticles making the size of
CoFe;04-APTES nanoparticles smaller than CoFe;04-PVA. The size for CoFe,04-APTES varies at 10.90
nm while the size variation for CoFe204-PVA is high which is around 28.46 nm.

3.3 FTIR Results

FTIR bands of CoFe;04 and polymer-functionalized CoFe;04 were observed to be in the range
4000-400cm* as shown in Figure 3. Pure CoFe;04shows IR peaks at 3400cm?, 1624 cm™, 1383 cm™?
and 578 cm™. The Co-O stretching vibration in CoFe;04 and octahedral group Fe-O correspond at the
600-500 cm™ range. The bands at 3500-3200 cm™ and 1620 cm™ are assigned due to the stretching
and bending modes of H,O on the surface of the synthesized CoFe;0s samples due to drying
procedure [6]. CoFe,04-APTES shows characteristics for Si-O-Si at 1063 cm™, -NH at 1630 cm™ and
C=N at 1615 cm™ [2]. The main FTIR peaks for CoFe;04-PVA are seen at 2927cm* for -CH, asymmetric
stretching vibration, 1742cm™ for C=0 carbonyl stretch, 1090cm ™ for C-O stretching and 833cm for
C-C stretching vibration [7].
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Fig. 3. FTIR spectra for CoFe,04and functionalized CoFe;04

3.4 Nanofluids Stability

The prepared nanofluids were observed to compare the stability between those prepared by the
one-step and two-step methods. Comparison between the stabilities of the nanofluids in the two
different base fluids was also conducted. Nanofluids synthesis methods were studied first before
proceeding to the surface modified nanofluids. The colloidal stability of nanofluids from one-step and
two-steps synthesis methods from Figure 4 and Figure 5 were compared.

Figure 4 shows the visual observation of CoFe;04 nanofluids, synthesized by one-step method
with concentrations ranging from 0.1 to 0.5 wt.%. While Figure 5 is the physical observation of
CoFe;04 nanofluids that have been formulated by two-steps method.
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Based on Figure 4(a) and Figure 5(a) the stability of the nanofluids in brine solution shows
agglomeration after 6 hours for both one-step and two-step method of nanofluids preparation. On
the other hand, the CoFe,04 nanofluid in deionized water shows good dispersion even after 4 days.

Hence, from Figure 4 and Figure 5, it is reckoned that the dispersion of nanoparticles was affected
by the base fluid since the nanofluids from both synthesis methods showed good stability in
deionized water but vice versa in brine solution. However, based on Figure 4(a), the nanofluids at
below 0.3 wt.%, the dispersion of nanoparticles still can be seen in the brine solution. Meanwhile, in
Figure 5(a), all of the nanofluids from 0.1 to 0.5 wt.% concentration showed two separation with clear
liguid at the top and the nanoparticles were already agglomerated at the bottom. Therefore, the
formulation nanofluids of the surface modified nanoparticles were done with the one-step synthesis
method.
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Fig. 4. Visual observation of CoFe,0, synthesized by one-step method with 0.1 to 0.5 wt.%
concentration in (a) brine solution and (b) deionized water
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Fig. 5. Visu'al observation of CoFe;0,4 synthesized by two-steps method with 0.1 to 0.5 wt.%
concentration in (a) brine solution and (b) deionized water

Visual observation of CoFe,04-APTES and CoFe;04-PVA synthesized by two-steps method with
0.1 to 0.5 wt.% concentration in brine solution and deionized water is shown in Figure 6 and Figure
7 respectively. The nanofluids prepared in Figure 6(a) and Figure 7(a) were using brine solution as the
base fluid while Figure 6(b) and Figure 7(b) used deionized water as base fluid.

CoFe;04-APTES nanofluids in Figure 6(a) and CoFe;04-PVA nanofluids in Figure 7(a) were
prepared with brine solution as base fluid. Both types of nanofluids show two separation layers with
clear liquid at the top and brown settlement at the bottom due to agglomeration of the nanoparticles
after 13 hours. From Figure 7(b), CoFe;04-PVA nanofluids with brine solution as base fluid and
CoFe;04-APTES nanofluids with deionized water as base fluid from Figure 6(a) show two separation
layers with cloudy liquid at the top and brown settlement at the bottom. at 0.1 to 0.3 wt.%. From
physical observation of the stability of nanofluids, the optimum concentration is below 0.3wt%.
Hence, the zeta potential analysis for the nanofluids stability were done at 0.25 wt.% concentration.
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Fig. 7. Visual observation of CoFe,04-PVA nanofluids in (a) brine solution and (b) deionized water

Zeta potential analysis was conducted on nanofluids at 0.25wt% concentration in 10ml of brine
solution and deionized water respectively. From the results as shown in Table 2, the dispersion of
nanoparticle in deionized water is better compared to brine solution due to the charge of ions
presence in the saline water, which is reflected by the higher value of zeta potential.

The charges of the ions in brine solution might interrupt the charges of the nanoparticles in the
fluid, resulting in lower zeta potential value as shown in Table 2. The electrophoretic mobility
measurements made by zeta potential analysis obtained might be distorted due to high salt
concentrations of the base fluid. High salinity solvent gives high current which might cause the Joule
heating. The electrical double layer collapses because of the high ionic strength which leads to low
zeta potential value [11]. From Table 2, it can be deduced that CoFe;04-APTES may give better
dispersion of nanofluid compared to CoFe;04-PVA since the zeta potential value is above +30mV [3].

Table 2

Zeta potential value of 0.25wt% CoFe;04-APTES and CoFe;04-PVA in brine solution and
deionized water

Sample Zeta Potential Value for Brine Zeta Potential Value for Deionized
Solution as Base Fluid (mV) Water as Base Fluid (mV)

CoFe204-APTES -10.7 -35.7

CoFe;04-PVA -7.19 -15.5

Figure 8(a) shows the distribution peaks for three runs of zeta potential analysis for 0.25wt%
CoFe;04-APTES in deionized water. From the peaks, the values obtained are -30.9mV, -36.8mV and -
39.3mV. Hence, it can be deduced that the average zeta potential value for CoFe204-APTES is -
35.7mV. The zeta potential value for CoFe;04-APTES shows good stability since it is above 30mV.

Meanwhile, Figure 8(b) shows the distribution peaks for three runs of zeta potential analysis for
0.25wt% CoFe204-PVA in deionized water. From the peaks, the values obtained are -14.6mV, -
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16.3mV and -15.7mV. Hence, it can be deduced that the average zeta potential value for CoFe204-
PVA is -15.5mV. Comparing obtained average values from both colloidal stability of surface modified
nanoparticles, it can be concluded that APTES functionalization for CoFe;04 nanoparticles gives
better stability for nanofluids as compared to PVA. The polymer coating suppressed the charges, as
polymer itself carries no charge. The adhesion of PVA on the surface of the synthesized CoFe;04 might
cause the charge to facilitate the adsorption of polymer, and hence, gives lesser value of zeta
potential.
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Fig. 8. Zeta Potential Distribution for (a) CoFe;04-APTES and (b) CoFe,04-PVA
4. Conclusion

The surface modifications of CoFe,04 nanoparticles using APTES and PVA were confirmed by
FESEM and FTIR analyses. The IR peaks for CoFe,04-APTES and CoFe;04-PVA showed additional
functional groups due to the functionalization process. From FESEM images, the size of CoFe;04-
APTES and CoFe;04-PVA nanoparticles are 15.99 nm and 25.70 nm, respectively. CoFe,04
nanoparticles which are surface-modified with APTES and PVA, and the nanofluids prepared one-step
method showed better dispersion as observed physically and the values of zeta potential. CoFe;0.-
APTES nanofluid has zeta potential value of -35.7 mV while
CoFe204-PVA has zeta potential of -15.5mV. The colloidal stability for CoFe;04-APTES is above 30mV
which deduce that APTES functionalization optimize the dispersion of CoFe;04 nanoparticles in base
fluid.
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