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The nanofluids technology keeps advancing in the recent decades despite the modus operandi in formu-
lating stable nanofluids is still in the grey area. This paper provides a further understanding of the
nanoparticles and nanofluids synthesis methods with surface modification alternative in contemplation
of nanofluid stability enhancement. Due to the shortcomings of this technology, which is the dispersity
and stability issue owing to the van Der Waals attraction, this paper reports a full formulation design
guideline in term of the temperature, crystal growth duration, nanoparticles concentration, pH and
nanofluids synthesis method to obtain the stable titanium dioxide (TiO2) and zinc oxide (Zn0) nanofluids.
Compatibility of polymers polyethylene glycol (PEG), polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP)
and an amino-silane; (3-Aminopropyl) triethoxysilane (APTES) with the synthesized nanoparticles were
observed. Our findings discovered that the compatible polymer-nanoparticle composites are TiO2-PVP
and ZnO-PEG with zeta potential values at 47.2 mV and 56.5 mV respectively.
� 2022 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In recent years, numerous studies have looked into nanofluids
for many different types of systems and technologies. Nanofluids
have various and particular functions in stable colloidal suspension
form. For enhanced oil recovery (EOR) application, nanofluids can
be the solutions for numerous problems because of their outstand-
ing features and properties. Nanofluids have the ability to pass
through the channels and flow smoothly in order to employ the
heat transfer [1] because of their large surface area, as compared
to the conventional fluids that have large agglomeration and
clogged in the small passages.

In the oil and gas field, nanofluids are the most preferred
method other than surfactant flooding and polymer flooding [2].
The ultimate function of nanofluids in enhanced oil recovery appli-
cation is from the interaction of the fluid with rock/oil system [3].
The ultra-small size of nanoparticles managed them to penetrate
and flow through the pores where the traditional macro or micro
particle-size fluids unable to pass through. Hence, nanoparticles
are able to have more contact swept zones and improve the injec-
tion fluids efficiency to extract more oil from the reservoir [4]. A
reported study mentioned that the factor of oil recovery increases
up to 30 % when miscible nanofluids were applied for the water
injection [5]. On the other hand, for the case of nanoparticles that
were immiscible with base fluids, the factor of oil recovery solely
increased up to 20 %. The findings deduced that the success rate
of oil recovery with the application of immiscible nanofluids are
slightly lower than that of miscible nanofluids.

Based on the rapid evolution of nanotechnology, metal oxides
have been the interest for nanofluid application. There is a charac-
teristic that exists in metal oxides to obtain charge separation
capacity which distinguishes them from other metals. Certain oxi-
des nanoparticles can disperse freely into polar base-fluids and
experience a phenomenon called the dispersible process [6]. This
study focusses on titanium dioxide (TiO2) and zinc oxide (ZnO)
nanoparticles because of their unique electronic characteristic
and wide band gap energy which give large exciton binding energy
[7]. In spite of that, stability issue is still has been one of the diffi-
culties during the fabrication [8].

It is known that the stability of the suspension is very important
for nanofluids, especially in extending the duration of usage.
Aggregation and deposition are the two main challenges of
nanofluids stability [9]. Most reported studies encountered prob-
lems of unstable chemical, thermal and rheological properties at
High Pressure/High Temperature (HPHT) condition when polymer
additives were used [10,11] especially in drilling or downhole pro-
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cesses [12]. The statement is contradicted with some literatures
that mentioned the behavior of nanoparticles/polymer was found
stable, especially the rheological properties in HPHT conditions
[13]. It is supported by other study that the application of nanopar-
ticles in the fluids gives stability and improve the mentioned prop-
erties at pressure and temperature up to 272 MPa and 300 �C
respectively [14].

The state-of-the-art research on nanofluids are mainly on creat-
ing hybrid, polymer blended nanocomposites because of the char-
acteristics of the formulated nanofluids for their appropriate
applications. For instance, the formulated Ce-doped TiO2/poly(n-
butyl methacrylate) nanocomposites for electrical applications
[15], polymer/silver-zinc oxide nanocomposite for gas sensor
applications [7], zinc oxide-multiwalled carbon nanotube
nanocomposites for engine oil lubrication [16] and single-walled
carbon nanotubes nanofluid for heat transfer in refrigeration sys-
tem [17]. However, the preparation procedure in achieving stable
nanofluids has not been emphasized and the methodology has
not been thoroughly explained. Since the main obstacles to con-
ducting research using nanofluids are high expenses [18], this
paper demonstrates on the synthesis method to creating stable
nanofluids. The preparation process of the nanoparticles will sig-
nificantly affect the characteristics and performance of nanofluids.
Hence, the preparation step of nanoparticles and nanofluids need
to be highlighted as it is very crucial [19]. There are many aspects
that need to be considered during the synthetization such as tem-
perature, nanoparticle size [20], volume fraction and shape of
nanoparticles [21] as design parameters.

Polymer coating could be the solution to improve the stability
and surface properties of nanoparticles for EOR [22], but still needs
thorough investigation and studies specifically for HPHT condi-
tions. The polymeric component in the base fluid is said to give
better distribution of nanoparticles throughout the drilling fluid
composition. Nevertheless, the compatibility between the blended
polymer and nanocomposites might become one of the drawbacks
[7]. Water-soluble polymers have become the option to be the base
fluid for nanoparticles, such as polyacrylamide. It is reported that
nanoparticles dispersed in polyacrylamide is stable for a significant
time [23]. Research has found that ethylene glycol (EG) based NFs
that contained oxides has superior features with the highest ther-
mal conductivity and lowest viscosity [2]. Other than that, polymer
polyvinylpyrrolidone (PVP) is used as the base fluid and to further
improve the dispersion of nanoparticles/polymer, surfactant has
also been applied [24]. A published literature has reported that
high density, low molecular weight with thermally stable mono-
mer is the type of polymeric solution that can withstand HPHT
environment. Emulsifiers or modifiers with fatty acids, fatty alco-
hols, silanes and amines functional groups, including polymers
[25] were mentioned to be used at up to 248 �C [26]. The
polymer-treated nanoparticles were expected to have more stable
network by the bridging of the polymers among nanoparticles
since the adsorption of the polymers from attached sites is irre-
versible and not easily broken.
2. Methodology

The experimental methods consist of the preparation of brine
solution, synthesis of non-modified and modified titanium dioxide
and zinc oxide nanoparticles. The synthesized nanoparticles were
dried into powder form for XRD, FTIR, FESEM and TEM
characterizations.

On the other hand, using the prepared brine solution, nanoflu-
ids were formulated by one-step method; skipping the drying pro-
cess. The stability of nanofluids was analyzed from physical
observation and zeta potential measurements.
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2.1. Chemicals and materials used

The chemicals used to synthesis TiO2 nanoparticles are acetic
acid and nitric acid and titanium (IV) isopropoxide (TTIP). Mean-
while, the chemical needed for the synthesis of ZnO nanoparticles
is zinc acetate dihydrate. Both TiO2 and ZnO nanoparticles synthe-
sis require sodium hydroxide (NaOH) solution, Teflon lined
hydrothermal autoclave comprises stainless steel (SS-316) and
polytetrafluoroethylene (PTFE) were used. For the surface modifi-
cation of the nanoparticles, the chemicals used are three different
polymers; polyethene glycol (PEG), poly (vinyl alcohol) (PVA),
polyvinylpyrrolidone (PVP) and an amino silane; 3-aminopropyl)
triethoxysilane (APTES). To produce nanofluids, sodium chloride
(NaCl) is needed to formulate brine solution as the continuous
phase. All of the chemicals were purchased from Sigma Aldrich
(M) Sdn. Bhd. and Merck & Co., Inc. A&D Weighing GR-202 analyt-
ical balance was used for all the weight measurements done in this
study with precision of up to 0.0001 g.

2.2. Synthesis of TiO2 nanoparticles and surface modification

The samples were synthesized via hydrothermal method at
growth time and temperature. The hydrothermal reactor pressure
is at 3 MPa (30 bar) at the rate of 5 �C/minute. This synthesis
method is chosen to be a favourable synthesis method because it
needs simple equipment, low in cost, easy to handle and
environmental-friendly [27,28]. Hydrothermal synthesis method
acquires technique of growing crystal from high temperature
aqueous solutions at high vapor pressure in the steel pressure ves-
sel called autoclave, where the nutrient solutes supplied along
with water for the crystal growth. Crystallization occurred due to
the combination of reaction conditions which are inorganic
cations; OH– and the ratio of nanoparticles precursors. Crystalliza-
tion rate is directly proportional to temperature while nucleation
rate is inversely proportional to temperature [29]. From previous
studies, the hydrothermal growth time and temperature set by
other researchers were different for all of the nanoparticles,
according to the desired morphology and crystal habits on the syn-
thesized nanoparticles. As for ZnO nanoparticles, the temperature
ranged at 60 to 200 �C with growth time ranged from 2 to 12 h
[30–32]. The hydrothermal temperature for TiO2 nanoparticles
were done at the range of 80 to 250 �C with growth time ranged
from 6 to 24 h [16,33,34,35].

2.3. Preparation of brine solution

NaCl was measured for 0.002 molL-1 of brine solution to mimic
the salinity of sea water for the brine solution formulation. The dis-
tilled water as the solvent for brine solution was prepared from
Water Still-WS 4L.

2.4. Synthesis of TiO2 nanoparticles

In synthesizing TiO2 nanoparticles, the hydrolysis process was
done by using 0.2 M of TTIP and 0.2 M of acetic acid. The solution
was mixed and stirred at room temperature for 15 min. Then,
290 ml of deionized water was added and stirred for 1 h at
700 rpm. 4 ml of nitric acid was then added and stirred for 2 h
at 80 �C for the complete peptization process before another
370 ml of deionized water was added. Then, the solution mixture
was transferred into Teflon lined stainless-steel autoclave for the
hydrothermal growth process. The process was proceeding with
growth time at 12 h and temperature at 120 �C. Later, 2.4 ml of
nitric acid was added dropwise, and the precipitate was sonicated
using an ultrasonic horn at 80 % amplitude, 15 times for 1 min.



Fig. 1. XRD graph on TiO2 and surface-modified TiO2 nanoparticles.

Table 1
Calculated XRD characteristics for non-modified and modified TiO2.

Nanoparticle FWHM (rad) 2h (�) D (nm)

TiO2 0.27100 25.26524 31.39
TiO2–APTES 0.16657 25.34402 51.08
TiO2–PEG 0.16959 25.34402 50.17
TiO2–PVA 0.17269 25.31776 49.26
TiO2–PVP 0.17759 25.31776 47.91
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Before sample characterization, the three samples produced were
washed with ethanol.

2.5. Synthesis of ZnO nanoparticles

In the synthesis of ZnO, two different solutions were prepared.
The first solution containing 1 M of zinc acetate dihydrate (ZnC4H6-
O4) in 100 ml of deionized water. The second solution containing
1 M of sodium hydroxide (NaOH) in 100 ml of deionized water.
The NaOH solution was added into the ZnC4H6O4 solution, drop-
wisely. The mixture was then stirred at 600 rpm at room temper-
ature for 15 min. The solution mixture was then transferred into
Teflon lined stainless-steel autoclave for hydrothermal growth
process at a different time and temperature; 2 h at 100 �C, 6 h at
60 �C and 12 h at 150 �C. The three samples of ZnO nanoparticles
produced at three different synthesis parameters were washed
with ethanol prior to characterization.

2.6. Surface modification of nanoparticles

Three different polymers; polyethene glycol (PEG), poly (vinyl
alcohol) (PVA), polyvinylpyrrolidone (PVP) and an amino silane;
3-aminopropyl) triethoxysilane (APTES) were used to coat the sur-
face of TiO2 and ZnO nanoparticles respectively. In the experiment,
0.3 wt% of the polymers and amino silane solutions were by using
deionized water as the solvent. The solution was then mixed with
the synthesized nanoparticles. The mixture of the nanoparticles
and polymer were stirred continuously at 50 �C for two days. The
excess solvent was then separated using a vacuum filter system.

2.7. Preparation of nanofluids

The nanofluids were prepared by one-step method with 0.25 wt
% of nanoparticles dispersed in 10 ml of brine as the base fluid.
During washing, it was centrifuged with ethanol 3 times and with
brine solution during the fourth time.

2.8. Characterizations

The physicochemical properties of the synthesized TiO2 and
ZnO nanoparticles were characterized by advanced analytical
equipment such as Fourier-Transform Infrared (FTIR); Thermo Sci-
entific Nicolet iS50, X-ray Diffraction (XRD); Bruker AXS D8, Field
Emission Scanning Electron Microscopy (FESEM); Ziess Supra 55
VP, Transmission Electron Microscope (TEM); Zeiss Libra 200FE
and zeta potential; Malvern Master Sizer 2000.

3. Results and discussion

The results obtained are presented and discussed in this section.

3.1. XRD results

The synthesized nanoparticles were characterized by XRD,
model Bruker AXS D8, for their phase peaks identification. The X-
ray diffraction patterns of the synthesized non-modified and mod-
ified TiO2 nanoparticles are shown in Fig. 1. The obtained diffrac-
tion patterns matched with the datasheet JCPDS: 894921. The
peaks at 25.32�, 37.13�, 37.90�, 38.80�, 48.22�, 54.10�, 55.23�,
62.92, 69.05�, 70.56� and 75.45� correspond of 2h peaks corre-
sponded to the (101), (103), (004), (112), (200), (105), (211),
(204), (116), (220) and (215) crystalline planes of anatase TiO2

structure. All the diffraction peaks for the surface modified TiO2

showwell indexed to purely anatase phase. No characteristic peaks
were detected for the rutile phase, brookite phase, or any other
3

impurities. Unlike other nanoparticles in this study, TiO2 showed
no effect on the main planes with regard to the coating. From the
calculated values, the crystallite size of TiO2 nanoparticles is bigger
as compared to other nanoparticles in this study. This show that
the synthesized TiO2 nanoparticles are coated mechanically with
the coatings, not chemically or covalently bonded, as the XRD
peaks showed no distortions from any secondary reactions or over-
lapping peaks.

The sharpness of the peaks shows that the nanoparticles are
highly crystalline. The XRD tests on the modified TiO2 nanoparti-
cles are found to be identical to the unmodified TiO2 nanoparticles.
From the XRD patterns, the silane group and the polymers give no
impact on the crystal structure of the TiO2 nanoparticles. The crys-
tallite size of the anatase TiO2 at (101) plane was calculated by on
Scherer equation and the result was tabulated in Table 1.

From the plotted XRD graphs, the crystallite size was calculated
using the Scherrer equation as shown in Equation (1), where D is
the crystallite size, j is the Scherrer constant at 0.9, k is the wave-
length of X-ray source value at 0.15406 nm, b is the full width at
half minimum (FWHM) and h is the Bragg angle of the plane. The
FWHM values were obtained using software that performs a Gaus-
sian fit from the plotted graphs which is OriginPro 9.0.
D ¼ jk
bCOSh

ð1Þ

The results show that pure TiO2, TiO2-APTES, TiO2-PEG, TiO2-
PVA and TiO2-PVP exhibit crystallite sizes of 31.39 nm, 51.08 nm,
50.17 nm, 49.26 nm and 47.91 nm, respectively. Based on the cal-
culated results, even though surface modification by using poly-
mers and amino silane does not affect the crystallinity of the
synthesized nanoparticles, yet the surface modification does affect
the crystallite sizes. The surface modification has increased in the
crystallite size of the modified TiO2 nanoparticles.

Fig. 2 shows the XRD patterns of the synthesized ZnO, ZnO-
APTES, ZnO-PEG, ZnO-PVA and ZnO-PVP. The spectra of the diffrac-
tion peaks confirmed the crystallinity of the synthesized nanopar-
ticles. The peaks at 31.80�, 34.45�, 36.21�, 47.65�, 56.72�, 62.95�,
66.60�, 68.10�, 69.40�, 71.92� and 77.30� of 2h were assigned at
the (100), (002), (101), (102), (110), (103), (200), (112),



Fig. 2. XRD graph on ZnO and surface-modified ZnO nanoparticles.
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(201), (004) and (202) planes of ZnO nanoparticles which
matched with datasheet JCPDS:36–1451. The crystallite size of
the synthesized samples was calculated by using the Scherer equa-
tion of the most intense peak of (101) plane [36]. The values tab-
ulated in Table 2 indicate that the pure ZnO, ZnO-APTES, ZnO-PEG,
ZnO-PVA and ZnO-PVP samples have crystallite size of 28.42 nm,
22.39 nm, 24.97 nm, 50.71 nm and 46.22 nm, respectively.
3.2. FESEM imaging

The morphology and microstructures of the prepared nanopar-
ticle samples were characterized using a variable pressure field
emission scanning electron microscope (FESEM, Zeiss Supra
55VP, Carl Zeiss) at an acceleration voltage of 5 kV and a magnifi-
cation of 50,000. Histogram graphs were plotted with the aid of a
Java-based image processing called ImageJ software to obtain the
mean and standard deviation values from the particle size distribu-
tions. Since the expected nanoparticles shape is spherical, the size
for all of the synthesized nanoparticles were measured by the
diameter.

Based on Fig. 3, the average size obtained is at 24.41 nm + 5.5
7 nm. For the nanofluid formulation purpose, the small in size
are much more preferable in order to ensure the stability of the
nanoparticles in the base fluid. Hence, to synthesize TiO2 nanopar-
ticles, the optimum temperature and duration during the
hydrothermal growth of the nanoparticles are at 120 �C for 12 h.

The size of the ZnO nanoparticles from Fig. 4 is ranged at 51.6
3 nm + 13.46 nm. Hydrothermal method is the preferred technique
for both nanoparticles as it gives effective morphological control, a
high degree of uniformity and suitable for mass production [37]. In
the pressurized autoclave vessel, the nanoparticles grow by nucle-
ation and snowballed into coagulation of particles with maintained
temperature. Crystallization is influenced by induction, nucleation
and growing processes. During induction, particles of critical size
are produced. Next, critical-sized particles evolve into crystal cores
Table 2
Calculated XRD characteristics for non-modified and modified ZnO.

Nanoparticle FWHM (rad) 2h (�) D (nm)

ZnO 0.30733 36.28970 28.42
ZnO–APTES 0.39003 36.21091 22.39
ZnO–PEG 0.34983 36.23717 24.97
ZnO–PVA 0.17224 36.26343 50.71
ZnO–PVP 0.18906 36.42100 46.22
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during nucleation. And further, solute molecules are arranged on
the surface of existing nuclei and continue growing the crystals,
as the pressure in the reactor increases when temperature
increases [38].
3.3. FTIR results

The functional groups of the amino silane and polymers in the
nanoparticles were analyzed by Fourier Transform Infrared (FTIR)
equipment, Perkin Elmer model. From the FTIR analysis, the trans-
mittance of light at specific wavelengths is measured. The charac-
teristics of the peaks recorded are classified into the type of peaks,
chemical bonds and functional groups present.

Fig. 5 depicts FTIR spectra for pre- and post-functionalization of
TiO2 nanoparticles. The curves at 460–490 cm-1, 670–690 cm�1

and 3440–3450 cm�1 ranges showed the anatase characteristics
from Ti-O, Ti-O-Ti and OAH respectively. The fingerprint region
for pre-functionalized TiO2 differs from the post-functionalized
signifying chemical interaction of TiO2 with the amino silane and
polymers. The increase in the intensity of Si-O-Si is observed at
1135 cm�1 and 1000 cm�1 because of amino-silane functional
groups. The peaks at 1306 and 1494 cm�1 indicate the presence
of the NH2 group and NAH bending, respectively. The small peak
at 1648 cm�1 corresponds to the stretching vibration of the C@N
bond. The changes in the fingerprint region at 1656 cm�1 due to
C@O carbonyl stretch is believed to be due to PVA functionaliza-
tion. The characteristic absorption peaks at 1135, 1453 and
836 cm�1 represent the shoulder stretching of CAO, CAH bending
and CAC stretching respectively. Further, the characteristic of
CAOAC linkage is shown because of the presence of PEG. The
vibration at 1626 cm�1 corresponds to C@C bond stretching vibra-
tion for the modification by PEG [39]. The structural changes of
TiO2 due to interaction with PVP is indicated at 1650–1660 cm�1

range from the presence of carbonyl group. C-H2 wagging and
CAH stretching also can be seen at 1295 and 1462 cm�1 respec-
tively [40].

The % transmission of unmodified ZnO and functionalized ZnO
by FTIR spectra are shown in Fig. 6. From spectra of modified
ZnO and unmodified ZnO, the peaks for Zn-O were shown. As
shown in the graph, the peak attributed to 1341 cm�1 represents
the N-O3 bonding in ZnO [41].

For all of the samples, ZnOmaximum is seen split into twomax-
ima; one at 420–460 cm�1 range and the other one is at 550–
580 cm�1 range [42]. Peaks at the 690 to 710 cm�1 range represent
the presence of Zn-O-Zn in all the samples [43]. The stretching
vibration of absorbed water, as well as surface hydroxyl groups
OAH were present in all curves, have been confirmed by the broad
absorption band at 3200 to 3400 cm�1 range. The peaks formed at
about 1400 to 1500 cm�1 are due to presence of H2O on the mole-
cules. Stretching of CAN is shown at the 1040 to 1060 cm�1 range
for ZnO and ZnO with polymers modification nanoparticles [44].
C@C stretching also can be seen at 1560 cm�1 peak for ZnO and
ZnO-APTES nanoparticles [45]. All of the modified ZnO with poly-
mers showed CAH stretching at 1370 to 1400 cm�1 range peak.
The peak corresponding to the Si-O bond is observed at
993 cm�1 and the NAH bending vibration was observed at
1666 cm�1 which obtained from the amino silane in APTES. The
characteristic peaks at 2943 and 736 cm�1 attributed to CAH
stretching and SiAOAC group [46]. The double bond of C@C also
shown at 1560 cm�1 due to APTES presence on the ZnO nanoparti-
cles. As shown in Fig. 6, C-H2 and CAO stretching vibrations can be
seen at 2936 and 1102 cm�1, which demonstrated the presence of
PVA onto the ZnO particle surface [47]. The appearance of NAH
linkage at 1557 cm�1 indicates the presence of PEG polymer in
the ZnO-PEG [48]. Next, the presence of the carbonyl group is



Fig. 3. FESEM image and particle size distribution histogram for non-modified TiO2 nanoparticles.

Fig. 4. FESEM image with particle size distribution histogram for non-modified ZnO nanoparticles.

Fig. 5. FTIR graph on TiO2 and surface-modified TiO2 nanoparticles.

Fig. 6. FTIR graph on ZnO and surface-modified ZnO nanoparticles.
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shown at 1650 to 1660 cm�1 range due to the functionalization of
PVP.
3.4. TEM analysis

The TEMmodelled Zeiss Libra 200FE was performed at an accel-
eration voltage of 120 kV and a magnification of 800,000 for the
surface modified TiO2 nanoparticles. Meanwhile, for surface modi-
fied ZnO nanoparticles, the TEM analysis was done at an accelera-
tion voltage of 120 kV and a magnification of 200,000. The analysis
5

done for surface modified ZnO samples used lower magnification
as compared to the surface modified TiO2 samples because the par-
ticle size of surface modified ZnO samples is higher than that of
TiO2. Coating thickness histograms were plotted as the measure-
ments made from the TEM images were done by ImageJ software.

The coating of APTES, PEG, PVA and PVP on the surface of TiO2

nanoparticles are shown in Fig. 7 together with the coating thick-
ness histograms. The methodology and concentration applied for
the coating of the amino silane and polymers on the surface of
TiO2 nanoparticles were the same. From the histograms con-
structed, the coating thickness for all types of samples was uni-



Fig. 7. TEM images and coating thickness histograms for (a) TiO2-APTES nanoparticles, (b) TiO2-PEG nanoparticles, (c) TiO2-PVA nanoparticles and (d) TiO2-PVP nanoparticles.
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form. The average coating thickness for the synthesized modified
TiO2 nanoparticles are 6.56 nm ± 1.30 nm, 7.31 nm ± 3.58 nm, 6.
68 nm ± 1.63 nm and 6.19 nm ± 1.53 nm for TiO2-APTES, TiO2-
PEG, TiO2-PVA and TiO2-PVP, respectively.

The measurement of the TEM images was done using a Java-
based image processing program which is ImageJ software. The
radius of the nanoparticles for each sample was also measured
and the values obtained are 118.35 nm ± 13.30 nm, 110.44 nm ± 4.
91 nm, 100.46 nm ± 6.41 nm and 93.08 nm ± 11.73 nm for TiO2-
APTES, TiO2-PEG, TiO2-PVA and TiO2-PVP, respectively. The size
of the modified nanoparticles is increasing in size due to the coat-
ing effect.
6

The purpose of the coating is to enhance the stability of TiO2

nanoparticles in the base fluid by increasing the repulsive forces
between each particle. The repulsion can be induced sterically
due to the coating on the nanoparticles surface. The molecules
from the amino-silane and the polymers provide steric hin-
drance on the surface of nanoparticles. Therefore, the compati-
bility between the nanoparticles and the amino silane and
polymers applied is crucial for the stability of nanofluids
produced.

From Fig. 8, the coating of PEG and PVA on the ZnO nanopar-
ticles can be seen clearly in the images. Meanwhile, surface
modification by using APTES and PVP did not give the expected



Fig. 8. TEM images and coating thickness histograms for (a) ZnO-APTES nanoparticles, (b) ZnO-PEG, (c) ZnO-PVA and (d) ZnO-PVP nanoparticles.
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outcome of increase the repulsive force between the particles to
each other.

As seen fromthefigure, thehistogramsconstructedgive theaver-
age coating thickness for each sample. The values obtained are 12.
92 nm ± 3.11 nm, 12.58 nm ± 3.77 nm, 9.85 nm ± 2.13 nm and 8.17
nm ± 1.92 nm for ZnO-APTES, ZnO-PEG, ZnO-PVA and ZnO-PVP,
respectively. The measurements made from the TEM images were
done by ImageJ software. Besides, the radius of each particle ismea-
sured to be about 81.14 nm ± 36.92, 115.74 nm ±+10.88 nm, 71.90
nm ± 10.93 nm and 81.02 nm ± 38.29 nm, respectively.
7

3.5. Nanofluids stability

The optical images of the dispersion of the unmodified and
modified TiO2 nanoparticles in the base fluid are shown in Table 2.
The TiO2-PVA suspension shows the quickest separation time
forming sediments and a clear supernatant on the top. The separa-
tion interfaces between the sediment and the supernatant were
sharp and moved downward with time.

After a week, the unmodified TiO2 shows that the sedimenta-
tions have been accumulated at the bottom with the column of



Table 3
Physical observation on unmodified and modified TiO2 nanofluids in a month.
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cloudy supernatant suspensions have settled. Meanwhile, TiO2-
PEG, TiO2-APTES and TiO2-PVP nanoparticles-based nanofluids
are started to accumulate at the bottom of the vials, yet there is
no visible phase separation exist. After two weeks, both unmodi-
fied TiO2 and TiO2-PVA have shown two-phase separation with
sediment layer at the bottom of the vials with clear liquid at the
top.

Based on the observation made, it can be deduced that TiO2-
PEG, TiO2-APTES and TiO2-PVP nanoparticles-based nanofluids
showed good dispersion for over 7 days. From merely physical
observation, the typical behavior of a well-dispersed solution is
difficult to confirm. Hence, the stability of the nanofluids need to
be analyzed by the zeta potential analyzer for more accurate
readings.

The stability of the unmodified and modified ZnO nanofluids are
shown in Table 3. The ZnO-APTES suspension is seen to be sepa-
rated very quickly into sediments and a clear supernatant on top
of the sediment. The separation interfaces between the sediment
and the supernatant are sharp and moved downward with time.
At day 1, sedimentations can be seen accumulated at the bottom
of the vial for the unmodified ZnO nanofluid, as the suspension is
cloudy, but the nanoparticles are starting to settle at the bottom.
However, good dispersion can still be seen for both ZnO-PEG and
ZnO-PVP nanofluids.

After a month, all three of the unmodified ZnO, ZnO-APTES and
ZnO-PVP showed distinct phase separations between the agglom-
8

erated sediments with the clear base fluid. On the other hand,
the suspension for ZnO-PEG and ZnO-PVA still showing the typical
behavior of a well-dispersed solution at 1-month period of time. To
indicate the surface modification from polymer that leads to
increased stability of ZnO nanoparticles, zeta potential analysis
needs to be done.

The stability of nanoparticles in base fluids was verified by zeta
potential analysis. The stability of nanofluids with different chem-
icals used for surface modification was compared. Zeta potential
analysis was conducted on nanofluids at 0.25 wt% concentration
in 10 ml of 0.002 molL-1 brine solution. A reliable zeta potential
value to confirm the stability and dispersion of nanoparticles in
base fluids is above 30 mV [49].

Particle size analysis was carried out using Malvern Master
Sizer 2000 where it is used to measure the particle size where
the scattered light intensity from the passing laser beam through
the dispersed particulate sample is measured. According to Mal-
vern’s manual, the equipment determines the electrophoretic
mobility and convert to zeta potential by applying Henry equation
as shown in Equation (2). Electrophoretic mobility is measured as
the system is put in a cell with electrodes and particles move
towards the electrode of opposite charge. The velocity of the parti-
cles is measured and expressed as mobility.

UE ¼ 2eff ðjaÞ
3g

ð2Þ



Table 4
Physical observation on unmodified and modified ZnO nanofluids in a month.

Fig. 9. Zeta potential distribution graph for TiO2-PVP nanofluids.
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From the equation, f is zeta potential, UE is electrophoretic
mobility, e is dielectric constant, g is viscosity and f(ja) is Henry’s
function. The value for f(ja) is 1.5 as referred to Smoluchowski
approximation.

Table 4 displayed the values obtained for both non-modified
and modified TiO2 and ZnO nanofluids. The highest zeta potential
values obtained for the TiO2-based is TiO2-PVP and for the ZnO-
based is ZnO-PEG. Meanwhile, the least values obtained are TiO2-
PVA and ZnO-APTES.

As compared to previous reports, there is a study on CoFe2O4

functionalized with N-(2-Amino-ethyl) 3-aminopropyl tri-
methoxy-silane with 0.005 wt% concentration in deionized water
at pH 11 and obtained the zeta potential value at 30.0 mV [50].
Another formulated CoFe2O4 functionalized with aminodextran
(AMD) nanofluid has obtained stability at 38.0 mV as the zeta
potential result when the concentration of nanoparticles applied
was at 0.02 wt% in deionized water with alkalinity at pH 11 [51].
Further, a formulated SiO2-APTES resulted with 40.0 mV zeta
Table 5
Zeta potential values for non-modified and modified TiO2 and ZnO nanofluids.

Sample Non-modified -APTES

TiO2 3.3 mV 25.2 mV
ZnO 30.7 mV 13.9 mV

9

potential value when the conducted study was done at 0.1 wt%
in deionized water at pH 9 [52]. Next, the stability of both FeS
nanofluid with neutral pH [53] and 1,3,5-trinitroperhydro-1,3,5-t
riazine (RDX) nanofluid with weight percent at 0.1 and alkali envi-
ronment at pH 11 [54] obtained zeta potential values less than
30.0 mV. Nanofluids stability done by previous studies have been
formulated using different parameters but with one common vari-
-PEG -PVA -PVP

40.3 mV 2.3 mV 47.2 mV
56.5 mV 48.7 mV 39.6 mV



Fig. 10. Zeta potential distribution graph for ZnO-PEG nanofluids.
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able to the least which is formulation of nanofluids using surface-
modified or functionalized nanoparticles. Through this research
work, nanofluids formulated using surface-modified TiO2 and
ZnO nanoparticles by the previously mentioned synthesis and
preparation methods managed to obtain stable zeta potential val-
ues stability for over 2 weeks as seen in Table 5, hence, made the
findings from this study to further contribute and expand the hori-
zon of this field of study.

Fig. 9 and Fig. 10 show the graphs attained based on the most
stable nanofluids from surface modified TiO2 and ZnO nanofluid
samples. The measurements were taken at 0.25 wt% surface mod-
ified nanoparticles concentration in 10 ml of 0.002 molL-1 brine
solution with alkalinity at pH 10.

From the values obtained, it can be deduced that PVP function-
alization can enhance the stability of TiO2 nanoparticles whilst PEG
is the best functionalization to improve the stability of ZnO-based
nanofluid. The amino silane coating by APTES suppressed the dis-
persion of ZnO nanofluid. Upon the amino functionalization of
the ZnO nanoparticles, the stability of the dispersions did not
improve due to the hydrophobic interactions between nanoparti-
cles [55].

The addition of amino silane increases the molecular weight of
the synthesized nanoparticles, results in a stronger dispersion force
since the particle eventually become larger and heavier with the
presence of the amino silane. On the other hand, the coating by
PVA polymer on TiO2 nanoparticles give the least value of zeta
potential as the adhesion of the polymer on the surface of the syn-
thesized nanoparticles causes the charge to facilitate the adsorp-
tion of the polymer. The zeta potential values obtained for other
nanofluids above 30 mV is considered as moderate or in the range
of good stability [42]. In other words, low-value zeta potential indi-
cates that the particles are agglomerated among another. Due to
the high surface-to-volume ratio, nanoparticles are prone to be
attacked by oxidative or corrosive environments that can change
their structural properties. Hence, surface modification by coatings
and functionalization improves the dispersion stability.
4. Conclusion

This report contributes in the field of nanofluids as the modus
operandi in formulating stable and longer agglomeration rate is
comprehensively presented stepwise. Obtaining a stable nanofluid
with respect to compatible polymer is very important prior to
application in any fields or systems. Consumption of resources
and time can be reduced significantly if the preparation and syn-
thesis process of the nanoparticles and nanofluids is designed with
precision. From the experimental work, it is found that TiO2-PVP
and ZnO-PEG are the compatible polymer coating nanoparticles.
The blended nanocomposites are synthesized by hydrothermal
method at 120 �C for 12 h and at 100 �C for 2 h respectively. The
synthesis and preparation methods with polymeric surface modifi-
cation alternative for the nanofluid stability enhancement resulted
zeta potential values at 47.2 mV and 56.5 mV for both of the men-
10
tioned nanofluids accordingly with agglomeration rate up to two
weeks.
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