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Abstract
In this study, polystyrene (PSt)/NiO nanocomposites (NCs) were prepared in three stages. First,  NiO2 was prepared by the 
reaction of Ni(NO3)2⋅6H2O with sodium hypochlorite in the present of CTAB in alkaline solution, and then its oxidation by 
ethanol, obtained NiO nanoparticles (NPs). Second, the surface of NiO NPs was modified in order to obtain better dispersity 
and proper compatibility in organic media by oleic acid. Surface modification of NiO NPs was confirmed through lipophilic 
degree (LD). The results revealed that LD increased with the rising amount of modifier up to 5 wt%. Optimum modification 
was obtained at 65 °C and 4 h for reaction time. Third, the modified NiO NPs were dispersed in styrene monomer, and PSt/
NiO NCs were synthesized via miniemulsion polymerization. The NiO NPs, its modified NPs and PSt/NiO NCs were char-
acterized by XRD, FT-IR, FE-SEM, EDX, XPS and VSM. The average crystallite sizes of NiO were calculated to be 14 nm 
from XRD patterns. The results of EDX analysis and FT-IR spectra showed that chains of oleic acid have been successfully 
grafted on surface of NiO NPs. The morphological observation revealed that NiO NPs were embedded homogeneously in 
the inner part of polystyrene. Thermal stability of PSt/NiO NCs was studied using techniques of TGA and DSC. Compared 
to polystyrene, PSt/NiO NCs prepared by this method increased the glass transition temperature to 29 °C and increased the 
thermal degradation temperature that to 45 °C. The VSM results showed that the NiO NPs and PSt/NiO NCs have super 
paramagnetic properties.

1 Introduction

Despite the desirability of composite technology, in most 
cases, composite materials have not responded to industrial 
needs. In recent years, researchers have found that joints that 
create small-size materials with surrounding phases are far 
more powerful than larger ones. Based on this, nanocompos-
ite science has been developed [1].

The need for increased fuel has raised the demand for 
lightweight materials such as polymers. However, due to the 
low strength of the polymers, reinforcing the polymer with 
the addition of quantitative (less than 10% by weight) of NPs 
seems to be necessary; provided it does not damage the two 
distinct characteristics of the polymer (the style and ease of 
processability). Polymer nanocomposites (NCs) generally 
have robustness, thermal stability, electrical conductivity 

and high chemical resistance and low weight. The nano-
particles (NPs) have the most applications as a reinforcing 
phases in NCs especially polymers. Adding metal and metal 
oxide NPs and some organic particles to the polymeric mate-
rials can improve the properties of polymers such as thermal 
stability, glass transition temperature, mechanical strength, 
thermal conductivity, heat resistance index, dispersibility, 
adhesion, and even adsorption capacity for bilirubin and etc.

Inorganic/polymer NCs are new classes of polymeric 
materials. These materials combine the properties of both 
components. It means that polymer component with excel-
lent optical property, flexibility and toughness could improve 
the brittleness of inorganic particles and besides, inorganic 
particles could increase the strength and modulus of poly-
mers [2]. Covering the surface of NPs with polymers is an 
effective method of surface modification that causes not only 
NPs to have good dispersion in organic media but also to be 
compatible with the polymer environment.

PMMA/NiO NCs were synthesized through in situ polym-
erization of MMA monomer in the presence of NiO NPs. 
The NiO NPs were prepared by Pechini method and its sur-
face was modified with 3-mercaptopropyltrimethoxysilane. 
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The thermal properties of PMMA/NiO NCs were inves-
tigated by TGA and compared to pure PMMA. From the 
results obtained, an improvement of the thermal stability of 
the NPs was observed; the thermal stability increases in the 
presence of the NiO NPs due to the restriction of mobility 
of the polymer chains [3].

Polystyrene is a thermoplastic polymer that has been 
widely used for its specific properties. The ease of trans-
portation and the special characteristics of polystyrene have 
made this polymer one of the most widely used polymers in 
various industries such as the construction of car body and 
home appliances, building insulation and packaging indus-
tries [4].

Hybrid silica/polystyrene NCs were synthesized by mini-
emulsion polymerization. With the objective to prepare 
core–shell hybrid NCs having narrow particle size distribu-
tions as well as a high degree of silica encapsulation, the 
effect of adding surface modifiers, the size of silica NPs, 
the ratio styrene/silica, the surfactant concentration, and the 
presence of ethanol in the reaction mixture were studied. 
Oleic acid was used to surface modification of the silica NPs 
that it forms the hydrogen bond with the hydroxyl groups on 
the surface of silica nanoparticles. Finally, a double bond of 
oleic acid will be able to polymerize with vinyl monomers. 
A synergistic effect was observed using oleic acid together 
with 3-(trimethoxysilyl)propyl methacrylate in the compati-
bilization step between the organic phase (monomer) and 
inorganic silica NPs [5].

Raspberry-like silica/polystyrene NCs, silica particle 
as core and polystyrene nodules as shell, were synthe-
sized through mini-emulsion polymerization by using 
sodium dodecyl sulfate surfactant, hexadecane co-sta-
bilizer in the presence of silica particles modified by 
methacryloxy(propyl)trimethoxysilane (MAPTMS) or 
n-octadecyltrimethoxysilane. In this unique process, it was 
found that the raspberry-like silica/polystyrene NCs could 
be obtained based on MAPTMS grafted silica NPs at high 
grafted density. The NCs could possess bigger shape stabil-
ity due to coordinate effect of both the polymerizable group 
and hydrophobic interaction provided by MAPTMS mol-
ecules [6].

The  SiO2/polystyrene NCs were synthesized through 
mini-emulsion polymerization by using sodium lauryl sul-
fate surfactant, hexadecane co-stabilizer in the presence of 
silica NPs coated with methacryloxy(propyl)trimethoxysi-
lane. Core–shell or other interesting morphology composite 
particles were obtained depending on the size of the silica 
particles and the surfactant concentration employed. By 
adjusting these parameters, it was possible to control the 
size and morphology of the composite particles [7].

Fe3O4/polystyrene NCs were prepared from oleic acid 
(OA) modified  Fe3O4 NPs via mini-emulsion polymeriza-
tion. It was concluded that the surface properties of OA 

modified magnetite nanoparticles have a great effect on 
preparation of the NCs.  Fe3O4/polystyrene NCs with defined 
structure and different magnetite content can be readily pre-
pared from monolayer OA modified  Fe3O4 NPs. It was con-
cluded that surface of the monolayer OA modified  Fe3O4 
NPs is hydrophobic, thus improving the dispersibility of the 
 Fe3O4 NPs in styrene monomer and allowing preparation 
of the  Fe3O4/polystyrene NCs with defined structure and 
controllable magnetite content [8].

The encapsulation of high amounts of magnetite into 
polystyrene particles can efficiently be achieved by a new 
three-step preparation route including two mini-emulsion 
processes. In the first step, a dispersion of oleic acid coated 
magnetite particles in acetone is obtained. In the second 
step, magnetite aggregates in water are produced in a mini-
emulsion process by using sodium dodecyl sulfate (SDS) 
as surfactant. In the third step, the dispersion with the mag-
netite aggregates which are covered by an oleic acid/SDS 
bilayer were mixed with a monomer mini-emulsion and a 
second mini-emulsion process, and ad-mini-emulsification 
process, is used to obtain full encapsulation. After polym-
erization, polymer encapsulated magnetite aggregates were 
obtained. Characterization by TGA and TEM showed that 
up to 40% magnetite could be encapsulated resulting in par-
ticles with a high homogeneity of the magnetite content. 
Magnetometry measurements reveal that the included iron 
oxide aggregates still consist of separated superparamag-
netic  Fe3O4 particles [9].

A polystyrene/HgS NCs has been synthesized, and the 
effect of HgS filler on the physical properties of polystyrene/
HgS NCs has been studied by using DSC and TGA. The 
glass transition temperature of NCs is higher than that of 
the pure polymer as a result of the low molecular mobility 
induced by the presence of filler nanoparticles. The TGA 
curve of NCs indicates a higher thermal stability for NCs as 
observed by the shift in onset temperature of degradation by 
about 12 °C relative to that of pure polystyrene [10].

The PSt/silica NCs were prepared by radical polymeriza-
tion of silica NPs possessing vinyl groups and styrene with 
benzoyl peroxide. The results indicated that polystyrene had 
been successfully grafted onto vinyl silica NPs via covalent 
bond. Surface wetting properties of the PSt/silica NCs film 
were evaluated by measuring water contact angle and the 
sliding angle using a contact angle goniometer. The excel-
lent superhydrophobic property enlarges potential applica-
tions of the superhydrophobic surfaces [11]. Sulfonated PSt 
microsphere were functionalized using ethylene diamine to 
introduce amine groups to the polymer chains. The amine 
functionalized polymers were used as a support for gold 
NPs. The PSt/Au NCs was found to be an efficient catalyst 
for the oxidation of alcohols in water [12].

The effect of silica NPs has been investigated on the adhe-
sion of micron-sized PSt particles. When silica NPs were 
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added, an increase in the overall removal of PSt particles 
under a given centrifugal force was seen. The greatest effect 
was observed for the lowest silica NPs concentrations used 
[13]. A copper NPs colloid was synthesized by reduction 
of cupric sulfate with hydrazine hydrate in the presence of 
CTAB and PVP. A uniform Cu/PSt NCs was further synthe-
sized via in situ emulsion polymerization. The morpholo-
gies, structures, as well as thermal stabilities of the Cu/PSt 
NCs were characterized. The TGA analysis indicates that 
the uniform Cu/PSt NCs has a better thermal stability than 
virgin polystyrene [14].

A novel  CaCO3/PSt NCs adsorbent was synthesized for 
efficient bilirubin removal from human plasma. A compari-
son with the PSt adsorbent, which was without the incor-
poration of nano-CaCO3, revealed that  CaCO3/PSt NCs 
had superior bilirubin adsorption capacity and mechanical 
strength. The adsorption results indicated that  CaCO3/PSt 
NCs displayed better adsorption capacity for bilirubin than 
that of PSt. The mechanical strength of  CaCO3/PSt NCs 
was significantly greater than that of PSt. In addition, both 
 CaCO3/PSt NCs and PSt possessed good blood compatibil-
ity properties. Therefore, a conclusion could be drawn that 
 CaCO3/PSt NCs has a high potential as an efficient bilirubin 
adsorbent for blood purification in clinical practice. At the 
same time, the success of organic–inorganic NCs adsorbents 
might provide a new insight into the improvement of adsor-
bents in hemoperfusion [15].

The BN@PSt composites with high thermal conductiv-
ity were fabricated via suspension polymerization. Com-
pared with traditional routes, the novel preparation process 
requires less BN fillers when improving the same thermal 
conductivity. Importantly, other polymers can also encap-
sulate BN through this strategy, which paves a new way for 
preparing thermally conductive polymer–matrix composites 
[16].

A series of PSt/silica NCs with different inorganic nano-
filler content were prepared by evaporating of toluene 
solvent. The influence of the filler content on glass transi-
tion temperature of PSt/silica NCs was followed by DSC 
analysis. It was found that the polystyrene glass transition 
temperature was influenced by the hydrophobic silica con-
tent. A mathematical method to describe the glass transition 
temperature dependence on the PSt/silica ratio is proposed. 
According to the experimental results and calculations, the 
highest thermal stability of the NCs belongs to 18% silica 
content [17].

High thermal conductivity graphite nanoplatelet/ultra-
high molecular weight polyethylene (GNPs/UHMWPE) NCs 
are fabricated via mechanical ball milling followed by a hot-
pressing method. The thermal conductivity coefficient of the 
GNPs/UHMWPE NCs is greatly improved nine times higher 
than that of the original UHMWPE matrix. The significantly 
high improvement of the thermal conductivity is ascribed 

to the formation of multidimensional thermally conductive 
GNPs–GNPs networks, and the GNPs have a strong ability 
to form continuous thermally conductive networks. Further-
more, the thermal stabilities of the GNPs/UHMWPE NCs 
are increased with increasing addition of GNPs [18].

Hybrid fillers of micrometer boron nitride/nanometer 
boron nitride (mBN/nBN) were employed to fabricate the 
highly thermally conductive insulating mBN/nBN/polyphe-
nylene sulfide ((mBN/nBN)/PPS) composites via mechani-
cal ball-milling followed by hot-compression method. The 
thermally conductive coefficient, dielectric constant and 
dielectric loss tangent values and thermal stabilities were all 
enhanced with the increasing addition of mBN/nBN hybrid 
fillers. Appropriate addition of the mBN/nBN hybrid fillers 
played a role of heterogeneous nucleation for PPS matrix 
[19].

The proposed combining method of silane coupling 
agent of γ-aminopropyl triethoxy silane/aminopropyllsobu-
tyl polyhedral oligomeric silsesquioxane was performed 
to functionalize the surface of hexagonal nanometer boron 
nitride fillers (f-nBN), aiming to fabricate the f-nBN/poly-
phenylene sulfide (f-nBN/PPS) NCs with excellent thermal 
conductivities, outstanding thermal stabilities and optimal 
dielectric properties. The usage of f-nBN fillers was ben-
efit for improving the thermally conductive coefficient (λ) 
and decreasing dielectric constant (ε) values of the PPS 
NCs. The f-nBN/PPS NCs with 60 wt% f-BN fillers was an 
excellent dielectric NCs with high λ and ideal ε values and 
outstanding thermal stability, which holds potential for elec-
tronic packaging materials and ultra-high voltage electrical 
apparatus [20].

Both aminopropylisobutyl polyhedral oligomeric silses-
quioxane  (NH2–POSS) and hydrazine monohydrate were 
utilized to functionalize graphene oxide (GO), and to 
obtain chemically modified graphene (CMG), which was 
then used for preparing thermally conductive CMG/poly-
imide (CMG/PI) NCs via a sequential in situ polymeriza-
tion and electrospinning-hot press technology.  NH2–POSS 
molecules were grafted on the GO surface, and CMG was 
obtained by the reaction between  NH2–POSS and GO. The 
thermal conductivity coefficient (λ), glass transition tem-
perature and heat resistance index of the prepared CMG/PI 
NCs were all increased with increasing the CMG loading. 
The λ value of the CMG/PI NCs with 5 wt% CMG was sig-
nificantly improved four times higher than that of the pristine 
PI matrix [21].

In accordance with the above studies, and the continu-
ation of our previous work [22], here, we are releasing a 
useful method to produce inorganic/polymer (NiO/PSt) NCs 
using oleic acid as modifier and then in situ mini-emulsion 
polymerization. The first NiO NPs was prepared from reac-
tion of Ni(NO3)2⋅6H2O with sodium hypochlorite in the pre-
sent of CTAB in alkaline solution, and then its oxidation by 
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ethanol. The surface of as-synthesized NiO NPs was modi-
fied by oleic acid in order to obtain better dispersibility and 
proper compatibility in organic media. At last PSt/NiO NCs 
were synthesized via in situ mini-emulsion polymerization. 
The modified NiO NPs were dispersed in water phase in an 
ultrasound bath to prevent the aggregation of NPs, and then 
mini-emulsion polymerization was performed in the pres-
ence of modified NiO NPs. From this study, it was found that 
one of key requirements in the synthesis of inorganic/poly-
mer NCs was the enhanced interfacial compatibility between 
inorganic and polymer, which was achieved by treating 
the surface of inorganics with an organic modifier such as 
oleic acid. These compounds were characterized by FT-IR 
spectroscopy, X-ray diffraction (XRD), scanning electronic 
microscopy (SEM), energy dispersive X-ray spectroscopy 
(EDX), X-ray photoelectron spectra (XPS) and vibrating 
sample magnetometer (VSM). Finally, thermal stability of 
PSt/NiO NCs was studied by techniques of TGA and DSC 
analysis.

2  Experimental

2.1  Materials

In this work the chemicals such as oleic acid, 
Ni(NO3)2⋅6H2O, NaOH, methanol, ethanol (96%), sodium 
dodecyl sulfate (SDS, 99%), styrene (99.9%), Cetyl trimeth-
ylammonium bromide (CTAB, 99%), ammonium peroxodi-
sulfate (APS, 99.5%), sodium hypochlorite,  NaHCO3 (98%) 
and hexadecane (99%) were used as purchased from the 
chemical company (Merck) without any purification.

2.2  Characterization

X-ray diffraction patterns of powder samples were recorded 
by XRD system BRUKER-D8. The surface morphology 
and shape of the nanoparticles were examined using field 
emission scanning electron microscopy (FE-SEM; Hitachi 
SU6600, Japan) and The chemical composition of the NPs 
was examined using electron dispersion X-ray spectroscopy 
(EDX; EMAX, Horiba 8121-H, Japan). Infrared spectros-
copy (FT-IR) experiments were recorded on a Perkin Elmer 
1760-X spectrometer. Thermo-gravimetric analysis (TGA) 
was carried out on a HT-503 thermo-analyzer (Netzsch, Ger-
many), under argon atmosphere, heating rate 10 °C min−1. 
X-ray photoelectron spectroscopy (XPS) of the as-prepared 
NiO nanopowder was measured on an ESCA-3000 elec-
tron spectrometer with monochromatized Mg Kα X-ray 
as the excitation source. The magnetic characterization 
of the nanomaterials was carried out in a vibrating sam-
ple magnetometer (VSM; BHV-55, Riken, Japan) at room 
temperature.

2.3  The procedure of materials preparation

2.3.1  Preparation of NiO NPs

The NiO NPs precursors were synthesized by the precipi-
tation method and then calcination of sediment. Firstly, 
1.25 g of CTAB dissolved in 20 mL of water under ultra-
sonic bath at room temperature for 20 min. It was added to 
1.45 g of nickel(II) nitrate (5 mmol) dissolved in 5 mL of 
water under ultrasonic bath. The mixture was placed under 
a magnetic stirrer at 1000 rpm for 15 min. Then 0.4 g of 
sodium hydroxide (10 mmol) was dissolved in 3.75 mL of 
sodium hypochlorite solution and it added to the above mix-
ture with together magnetic stirrer which formed a black 
precipitate for 20 min. Then, 10 mL of ethanol was added to 
mixture containing precipitate black (nickel peroxide) under 
a magnetic stirrer at 1000 rpm for 2 h until it was formed 
an olive-green deposition of NiO. The resulting precipitates 
was washed several times with distilled water (10 mL) and 
ethanol (5 mL) respectively and dried in an oven at 90 °C 
for 6 h. Finally, the precipitates were calcined in a furnace 
at 300 °C for 2 h to create NPs with suitable crystalline 
structure.

2.3.2  Surface modification of NiO NPs

0.25 g of NiO NPs were added to 5 mL oleic acid solution 
(3% V in ethanol) and mixed in ultrasonic bath at room tem-
perature for 10 min. The suspension was heated at 65 °C on 
a hot plate magnetic stirrer with 750 rpm for 4 h. The modi-
fied NPs were separated by centrifuges from the mixture 
and dispersed in 10 mL of ethanol under ultrasonic bath to 
remove the oleic acid residues. The precipitates were filtered 
and washed several times with ethanol and water, and dried 
in an oven at 40 °C for 24 h.

2.3.3  Preparation of PSt

First, 0.1 g hexadecane (0.13 mL) was added to 2 g of sty-
rene (2.2 mL) and was placed in an ultrasonic bath at room 
temperature for 10 min. It was added to a solution of 0.08 g 
of SDS and 0.028 g of  NaHCO3 dissolved in 30 mL of water 
under ultrasonic bath. The mixture was placed under a mag-
netic stirrer at 1000 rpm for 15 min. The mixture was then 
placed in an ice-water bath under a 200 V ultrasonic homog-
enizer (7 s pulse, 3 s silencing) for 30 min. The completely 
uniform solution was transferred to a three-neck balloon 
equipped with nitrogen gas and heated at 75 °C in an oil 
bath. 0.03 g of potassium persulfate (KPS) in 3 mL of water 
was added slowly to solution and the polymerization pro-
cess was carried out in a magnetic stirrer with 300 rpm at 
75 °C for 8 h. The resulting polystyrene was separated from 
the mixture and dried at room temperature. Polystyrene was 
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dispersed in 100 mL of water under magnetic stirring for 
30 min and then dispersed in 20 mL of ethanol under mag-
netic stirring for 30 min to remove impurities such as SDS, 
KPS, hexadecane and styrene. The resulting precipitates was 
washed several times with water (10 mL) and ethanol (5 mL) 
respectively and dried at room temperature for 6 h.

2.3.4  Preparation of PSt/NiO NCs

First, 0.1 g hexadecane (0.13 mL) was added to 2.0 g of 
styrene (2.2 mL) and placed in an ultrasonic bath at room 
temperature for 10 min. Second, 0.1 g of modified NiO NPs 
(5% wt relative to the monomer) was dispersed in hexade-
cane and styrene solution and then was exposed under ultra-
sound for 15 min. It was added to a solution of 0.08 g of SDS 
and 0.028 g of  NaHCO3 dissolved in 30 mL of water under 
ultrasonic bath. The emulsion was placed under a magnetic 
stirrer at 1000 rpm for 15 min. The mixture was then placed 
in an ice-water bath under a 200 V ultrasonic homogenizer 
(7 s pulse, 3 s silencing) for 30 min. The completely uniform 
mini-emulsion was transferred to a three-pronged balloon 
equipped with nitrogen gas. The mini-emulsion was deoxy-
genating by bubbling nitrogen gas through the solution for 
20 min and heated at 75 °C in an oil bath. 0.03 g of potas-
sium persulfate (KPS) in 3 mL of water was added slowly to 
solution under nitrogen atmosphere and the polymerization 
process was carried out in a magnetic stirrer with 300 rpm 
at 75 °C for 8 h. The resulting PSt/NiO NCs was separated 
from the mixture and dried at room temperature. The poly-
meric NCs was dispersed in 100 mL of water under magnetic 
stirring for 30 min and then dispersed in 20 mL of ethanol 
under magnetic stirring for 30 min to remove impurities such 
as SDS, KPS, hexadecane and styrene. The resulting pre-
cipitates was washed several times with water (10 mL) and 
ethanol (5 mL) respectively and dried at room temperature 
for 6 h.

2.4  Measurement of lipophilic degree

One way of measuring lipophilic degree (LD) of the sur-
face of NPs is to disperse a certain amount of NPs in water, 
and then to carry out titration with an organic solvent such 
as methanol [22–24]. When NiO NPs are added to water, 
sedimentation takes place promptly, whereas the NiO NPs 
modified by oleic acid will float and disperse in water. By 
adding drop wise of methanol from a burette to a dispersed 
solution of modified NiO NPs (0.1 g in 10 mL water), the 
modified NPs gradually precipitate. Knowing the volume of 
methanol used, LD of modified NPs can be calculated using 
the following Eq. (1):

(1)LD =
V

V + 10
× 100

In this equation, V is the volume of methanol used in mL, 
and 10 is the initial volume of water. The LD of modified 
NiO NPs caused by varying amount of oleic acid was meas-
ured by the above method. Measurements of the LD were 
used as a guide to evaluate the procedure used for surface 
modification.

2.5  Effective factors on lipophilic degree

The factors that effect on LD are: Amount of fatty acids, 
reaction temperature and mixing time. In this study, factors 
were varied one at a time while the rest of the factors were 
kept constant.

2.5.1  Effect of amount of modifier

Different amount of oleic acid (0.05, 0.15, 0.25, 0.35, and 
0.45 mL) were dissolved in 5 mL ethanol. Then 0.25 g of 
NiO NPs was added to the above solution, and was refluxed 
at 65 °C for 4 h. The precipitates were separated, washed 
three times with ethanol and dried in an oven at 50 °C for 
24 h. The modified NiO NPs were separated by centrifuges 
from the mixture and dispersed in 10 mL of ethanol under 
ultrasonic bath to remove the oleic acid residues. The pre-
cipitates were filtered and washed several times with ethanol 
and water, and dried in an oven at 40 °C for 24 h. The fol-
lowing experiment was conducted to determine LD of modi-
fied NiO NPs: first 0.10 g of modified NiO NPs is added to 
10 mL water. Then methanol is added dropwise through a 
burette to these dispersed NPs until no more sediment is 
formed. The volume of methanol is used to calculate LD of 
the surface of modified NPs, according to Eq. (1).

2.5.2  Effect of mixing time on the modification

0.25 g NiO NPs was added to a solution of 0.50 mL oleic 
acid in 10 mL ethanol. The mixture was stirred at 65 °C 
for different length of time (1, 2, 3, 4, 5, and 6 h). The pre-
cipitates were separated, washed three times with ethanol, 
and dried in an oven at 40 °C for 24 h. The method used for 
determining LD of modified NiO NPs is similar to afore-
mentioned method, according to Eq. (1).

2.5.3  Effect of temperature on the modification

0.25 g modified NiO NPs was added to a solution of 0.50 mL 
oleic acid in 10 mL ethanol. The mixture was stirred for 
4 h at different temperatures (25, 35, 50, 65, and 75 °C). 
The precipitates were separated, washed three times with 
ethanol and dried in an oven at 400 °C for 24 h. The method 
used for determining lipophilic degree of modified NiO NPs 
is similar to afore-mentioned method, according to Eq. (1).
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3  Results and discussion

It was necessary to use NiO NPs as a precursor for the syn-
thesis of PSt/NiO NCs. Therefore, a new method has been 
proposed for the preparation of high purity NiO NPs from 
the combination of well-known methods and our research 
experience [22, 25]. The NiO NPs have been prepared by a 
simple and efficient chemical precipitation method with the 
aid of a surfactant.  NiO2 was first prepared by oxidation of 
Ni(NO3)2⋅6H2O with hypochlorite solution. The as-prepared 
 NiO2 was then easily converted to NiO NPs merely by treating 
it with ethanol at room temperature. In our procedure there 
is no need for controlling the pH of the solution, as it usu-
ally required in most of the chemical precipitation methods. 
More importantly, calcinations at high temperature, which 
is used in other similar routes, have been eliminated in the 
present method. Therefore, this method can be introduced as 
an inexpensive, fast and reproducible process for the large-
scale synthesis of NiO nanocrystals. The use of cationic 
surfactant CTAB which produced smaller sized NiO NPs is 
recommended for this purpose. The reaction equations are 
as follows:

The preparation method of NiO NPs has a unique advan-
tage. Because it does not use expensive materials and pre-
cursors are easily available. The NiO NPs is an inorganic 
material, while styrene is an organic matter. So for incor-
poration of inorganic NiO into organic polymer, it is neces-
sary that the NiO NPs to be modified by oleic acid. Oleic 
acid has a carboxyl group and a double bond. These might 
facilitate polymerization process of styrene on the surface 
of NiO NPs. First carboxylic group of oleic acid react with 
the hydroxyl group on surface of NiO NPs. Then unsaturated 
double bond (C=C) is added to styrene monomer through 
the radical polymerization and using potassium peroxodi-
sulfate (KPS) as radical initiator to produce PSt/NiO NCs.

In order to confirm as-synthesized NiO NPs, its modi-
fication by oleic acid, and PSt/NiO NCs were studied 
by the usual methods of identification and morphology 
consideration.

3.1  X‑ray diffraction patterns

X-ray diffraction patterns of NiO NPs and PSt/NiO NCs 
were recorded, and the results are shown in Fig. 1. The 
five characteristic angles viz 2θ equal to 37.2, 43.3, 62.8, 
75.2, and 79.4°, which well correspond to the standard card 

(2)
Ni(NO

3
)
2
⋅ 6H

2
O + NaOH + NaOCl

→ NiO
2
↓ + 2NaNO

3
+ HCl + 6H

2
O

(3)NiO
2
+ CH

3
CH

2
OH → NiO + CH

3
CHO + H

2
O

JCPDS-04-0835, which confirms that the crystal struc-
ture of NiO NPs is face centered cubic with cell constant 
a = 4.171 Å [26, 27]. These peaks correspond to the diffrac-
tion lines of crystal plates of [111], [200], [220], [311] and 
[222] of cubic phase of NiO respectively. Since no peaks 
of impurity were observed, means that the high purity NiO 
was obtained. Figure 1a, b show that the characteristics of 
peaks of NiO has not changed even after its accession to the 
polymer, and are the same as those of bare NiO NPs with 
face centered cubic crystal structure. The sharp and intense 
peaks indicate that sample is highly crystalline. The aver-
age crystallite sizes of bare NiO NPs and PSt/NiO NCs that 
are calculated from XRD diffraction patterns according to 
Debye-Sherrer formula D = Kλ/βcosθ are 17.0 and 21.0 nm 
respectively. In this equation constant: K = 0.89, wave length 
of incident light λ = 1.54 Å and β is the half width of the 
most intensive peak.

Embedded polystyrene to NiO NPs reduced crystallin-
ity of NPs, so that the height and intensity peak of NCs is 
reduced (Fig. 1b). This indicates that polystyrene is linked 
to crystal plates of NiO NPs in all directions [28]. In this 
XRD diffraction pattern (Fig. 1b) was observed an additional 
broad peak at 19° which can be attributed to the presence of 
polystyrene in NiO NCs [29].

3.2  FT‑IR spectra

In order to study the bonds formed, FT-IR spectra of NiO 
NPs were recorded before and after surface modification 
by oleic acid. These spectra are shown in Fig. 2. The broad 
band observed in the FT-IR spectrum of NiO NPs (Fig. 2a) 
at 3411 cm−1 corresponded to O–H stretching vibration of 

Fig. 1  XRD diffraction patterns of (a) bare NiO NPs and (b) PSt/NiO 
NCs
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water molecules on the surface of NPs [30, 31]. Bending 
vibration of this bond has been observed at 1624 cm−1 [31, 
32]. The band at 1384 cm−1 is due to the presence of car-
bonate anion and the strong absorption band at 411 cm−1 is 
related to stretching vibration of Ni–O bond [33, 34]. The 
bands at 3411 and 1384 cm−1 in Fig. 2a are due to the fact 
that the calcined powders tend to physically absorb water 
and carbonate ions, respectively.

Hydroxyl groups should be present at its surface to mod-
ify the surface of the NPs by oleic acid. The FT-IR spectrum 
clearly shows the presence of hydroxyl groups on the surface 
of NiO NPs. The point to be noted is the absence of a sharp 
peak at 3640 cm−1, since the presence of this band could 
prove the structure of Ni(OH)2 NPs. Therefore, it is neces-
sary to control the calcination temperature for the prepara-
tion of NiO NPs with superficial hydroxyl groups [34, 35]. 
Figure 2b are shown FT-IR spectrum of NiO NPs modi-
fied by oleic acid. In addition to band as for Ni-O stretching 
vibration at 422 cm−1, bands were observed at 3468, 2920, 
2851, 1551, and 1406 cm−1.

The band at 3468 cm−1 is due to the stretching vibration 
of hydroxyl groups on the surface of NPs modified with 
oleic acid [28, 32]. It dropped in intensity compared to the 
previous peak, which represents grafting oleic acid on the 
surface of modified NiO NPs. Two absorption bands at 2920 
and 2851 cm−1 in the FT-IR spectra of NiO NPs modified 
by oleic acid are due to vibration frequencies of methyl 
and methylene group of oleic acid covering the surface of 
NPs [32, 36, 37]. Two other bonds viz bands at 1551 and 
1406 cm−1 can be allocated to symmetric and asymmetric 
vibration of carbonyl group (C=O) of carboxylate moiety of 
oleic acid which cover the surface of NiO NPs [38, 39]. The 
difference between the two bands of 145 cm−1, indicates the 

bidentate character of oleate (–COO−) to surface of modi-
fied NiO NPs [40]. Also, the band at 1624 cm−1 belong to 
bending frequency of OH was not observed in modified NPs 
which indicate the surface modification of NiO NPs by oleic 
acid.

The observation of these four absorption bands confirms 
that the surface of NiO NPs was modified by oleic acid. 
On the other hand, stretching frequencies of carbonyl group 
in the range of 1700–1725 cm−1 related to oleic acid free 
is not observed [38]. This behavior suggests that a single 
molecular layer is composed of oleic acid on the surface of 
NiO NPs [38, 41].

Figure 2c are shown FT-IR spectrum of PSt/NiO NCs. 
Two bands observed in the regions of 697 and 755 cm−1 
related to the bending vibrational modes of C-H outside 
the plate of the benzene ring, three bands at 1451, 1492, 
and 1601  cm−1 attributed to the C–C stretching vibra-
tional modes of the benzene ring, two bands at 2849 and 
2929 cm−1 correspond to the vibrational frequencies of ali-
phatic C–H bond, and a band at 3026 cm−1 belong to stretch-
ing frequencies of aromatic C–H bond [42]. These results 
indicate that polystyrene is grafted to the surface modified 
NiO NPs. Another beak was observed at 444 cm−1 which is 
related to the stretching vibration of Ni–O bond in NiO NPs. 
The vibrational displacement at 422 cm−1 in modified NiO 
NPs to 444 cm−1 in PSt/NiO NCs indicates a strong interac-
tion between polystyrene and modified NiO NPs [43]. This 
interaction is shown in Scheme 1.

3.3  SEM images and EDX analysis

The NPs have a tendency to aggregate because their surface 
energy is high. Therefore, surface modification is expected 
to decrease aggregation and improve dispersion [44–46]. 
Thus, for studying dispersion, SEM images of NiO NPs, 
NiO NPs modified by oleic acid and PSt/NiO NCs have been 
recorded which is shown in Fig. 3.

As can be seen in Fig. 3a, the surface morphology of 
bare NiO NPs are stuck together and aggregated which is 
due to large surface area to volume ratio and high energy 
of the surface of NPs. Whereas in Fig. 3b NiO NPs modi-
fied by oleic acid composed of non-uniform particles and 
irregular layer put together and dispersed. This improvement 
dispersion of NPs certainly confirms the surface modifica-
tion of NPs by oleic acid. The average particle size for both 
of them is approximately the same and equal to 16 nm in 
SEM images. As can be seen in Fig. 3c, the PSt/NiO NCs are 
completely spherical particles and like dandelion flower. The 
NCs were well distributed in the matrix and produce excel-
lent dispersion. The size of these particles is about 45 nm. 
The particle size is larger because of their distribution in the 
polymeric tissue. These values are in good agreement with 
the average particle size calculated from the XRD patterns. 

Fig. 2  FT-IR spectra of (a) bare NiO NPs; (b) modified NiO NPs by 
oleic acid; (c) PSt/NiO NCs
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A comparison of the SEM images of NiO NPs, NiO NPs 
modified with oleic acid, and NiO-PMMA PNCs can be 
concluded that modifying the surface of NiO NPs by oleic 
acid and incorporation of the NPs to PMMA changes the 
morphology of particles. In addition, the particles are dis-
tributed better and more uniformly in the PNCs, so that was 
created a monodispersion.

The EDX spectra of NiO NPs and its modified form by 
oleic acid and PSt/NiO NCs are shown in Fig. 4. The EDX 
spectrum given in Fig. 4a shows the presence of Ni and O 
as the only elementary components of NiO NPs. The pres-
ence of carbon, nickel and oxygen in NiO NPs is the proof 
for surface modification of oleic acid on NiO NPs (Fig. 4b), 
which was absent in bare NiO NPs. The percentage of car-
bon observed in EDX spectrum of PSt/NiO NCs is high 
(Fig. 4c), which is due to the presence of large amounts 
of polymer material, which contains carbon and hydrogen 
elements.

3.4  XPS spectra

Further evidence for the purity and composition of the prod-
ucts was obtained by X-ray photoelectron spectra (XPS). 
Figure 5 shows XPS spectra taken from the Ni and O regions 
of NiO NPs and PSt/NiO NCs. The data show that NiO is 
present in both samples. The binding energies of  Ni2p1/2, 
 Ni2p3/2 and O1s, provided a fairly complete picture of the 
sample powder. Two peaks observed at about 853.7 and 
872.8 eV (Fig. 5a, b) are corresponded to  Ni2p3/2 and  Ni2p1/2 
of  Ni2+ in NiO NPs respectively [3]. The gap between the 

 Ni2p1/2 and  Ni2p3/2 level is 18.5 eV, consistent with the split 
orbit for  Ni2+ ion no metallic Ni. The spectra for the NiO 
NPs embedded in polystyrene shown in Fig. 5b shows simi-
lar features than those observed in bare NiO NPs. The lower 
intensity is attributed to the surface functionalization of the 
NiO NPs. The functionalizing film in the NiO NPs lowers 
the number of photoelectron reaching the detector, result-
ing in lower intensity [3]. The peak at 530.8 eV in the O1s 
region (Fig. 5c, d) is attributed to the  (O2−) in the NiO NPs 
and PSt/NiO NCs [47].

3.5  Effective factors on lipophilic degree

The lipophilic degree (LD) of modified NiO NPs was used 
in order to provide appropriate conditions for the surface 
modification of NiO NPs. In achieving this aim, various fac-
tors such as reaction time, amount of modifiers, and reaction 
temperature were considered. The surface lipophilic of NPs 
was determined through a certain amount of NPs dispersed 
in water and then titrated with organic solvent [22–24, 40].

3.5.1  The amount of surface modifier

Different amount of oleic acid (1.0, 2.0, 5.0, 7.0, and 9.0% 
V) as surface modifier were applied on NiO NPs, and LD 
of the modified NiO NPs was measured according to the 
Eq. (1). The results obtained are shown in Table 1 as the 
variation of lipophilicity versus amount of oleic acid as 
modifier.

Scheme 1  Reaction equation for strong interaction between polystyrene and modified NiO NPs
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It can be seen from data that lipophilicity increases with 
the increase of amount of modifier up to 5% V. But lipo-
philicity is decreased if amount of the modifier increases 
to more than this value. The reason may be due to enlarg-
ing of the long chain hydrocarbon of the modifier which 
can stop the carboxylic group (–COOH) of oleic acid to 
react with the hydroxyl group on the surface of NiO NPs 
[48]. Therefore, from the present data, the optimum value 
of surface modifier is 5% V.

3.5.2  Effect of reaction time

It may be expected that when NiO NPs are mixed with oleic 
acid, the surface lipophilicity to vary to some extent. There-
fore it was planned to put some of the NiO NPs in a solution 
of oleic acid in ethanol, and stir the solution for a certain 
time (1, 2, 3, 4, 5, and 6 h), and then to measure the LD 
of the modified NiO NPs. The measurements were carried 
out, and the results are shown in Table 2 as a variation of 

Fig. 3  SEM images of (a) NiO NPs; (b) NiO NPs modified by oleic acid; (c) PSt/NiO NCs
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Fig. 4  EDX spectra of (a) NiO NPs; (b) NiO NPs modified by oleic acid; (c) PSt/NiO NCs

Fig. 5  XPS spectra of Ni region for NiO NPs (a) and PSt/NiO NCs (b) and oxygen region for NiO NPs (c) and PSt/NiO NCs (d)
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lipophilicity versus length of reaction time. It can be seen 
from data that the lipophilicity increases with increase of 
reaction time up to 4 h, but then it decreases if stirring is 
continued. Thus, the optimum lipophilicity is reached for 
4 h of reaction time.

3.5.3  Effect of temperature on surface modification

The certain amounts of NiO NPs were stirred in a solution 
of oleic acid in ethanol at different temperature (25, 35, 50, 
65, and 75 °C) for 3 h. Then LD of modified NiO NPs was 
measured. The results were then considered as variation of 
lipophilicity versus different temperature in Table 3. Simi-
larly, in this case high lipophilicity is also a sign of good 
modification of the surface of NiO NPs. The highest lipo-
philicity is observed for oleic acid modifier of NPs at 65 °C. 
On the other hand, the increase in temperature has decreased 
the surface lipophilicity. Therefore from these results it can 
be concluded that the optimum temperature for the surface 
modification on NiO NPs is at 65 °C.

In this study, the NiO NPs should be modified before 
being joined to the polymer. The NiO NPs was modified 
with oleic acid. Other NPs were also modified by oleic acid 
[22, 23, 25, 40, 49, 50]. The optimum conditions for the 
amount of modifier and the reaction temperature and the 
reaction time are 5% V, 65 °C and 4 h, respectively.

3.6  TGA/DTA analysis

In order to evaluate thermal stability of PSt/NiO NCs, 
thermal analysis polystyrene (PSt) and PSt/NiO NCs were 
recorded. Thermal gravimetric analysis of PSt and PSt/NiO 
NCs was carried out under argon atmosphere, temperature 
range 25–600 °C and scan rate 10 °C/min.

Thermal Analysis curve for polystyrene is shown in 
Fig. 6a. TGA curves of polystyrene have shown that weight 
loss occurred in a two-step process, which is related to 
the destruction of polymer chains. Starting temperature of 

weight loss occurred at 180 °C; that means the polymer can 
remain stable up to this temperature; and higher temperature 
is thermal instability. The first step of weight loss happened 
in the range of 180–200 °C with a weigh loss of 4% which is 
attributed to the degradation of polymeric chains with lower 
molecular weight. The second stage of weight loss occurred 
in the temperature range of 384–500 °C. The second stage of 
weight loss with amount of 96% is associated with an endo-
thermic process at 421 °C in the DTA curve that is related 

Table 1  LD of modified NiO NPs (%) in different amount of modifier

Reaction conditions: amount of NiO NPs 0.25 g, ethanol as solvent 
10 mL, temperature 65 °C and reaction time 4 h

Amount of oleic acid (% V) 1.0 3.0 5.0 7.0 9.0

LD of modified NiO NPs (%) 4.76 13.79 20.63 15.25 9.91

Table 2  LD of modified NiO 
NPs (%) in different reaction 
time

Reaction conditions: NiO NPs 0.25 g, ethanol as solvent 10 mL, temperature 65 °C and amount of oleic 
acid 0.50 mL

Reaction time (h) 1 2 3 4 5 6

LD of NPs modified by oleic (%) 11.5 14.5 16.67 21.36 15.97 15.75

Table 3  LD of modified NiO NPs (%) in different reaction tempera-
ture

Reaction conditions: NiO NPs 0.25 g, ethanol as solvent 10 mL, reac-
tion time 4 h, and amount of oleic acid 0.50 mL

Reaction temperature (°C) 25 35 50 65 75

LD of NPs modified by oleic (%) 7.41 11.89 15.91 22.21 14.16

Fig. 6  The thermal analysis curves of: (a) polystyrene; (b) PSt/NiO 
NCs
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to the destruction of polymer chains with higher molecular 
weight [51]. At temperatures above 500 °C nothing remains 
of polymer that means the entire polymer is destroyed.

Thermal analysis curves for PSt/NiO NCs is shown in 
Fig. 6b. A similar behavior of polystyrene is observed in 
thermal analysis for PSt/NiO NCs with a difference in that 
the starting temperature of weight loss occurred at 330 °C 
instead. So it can be concluded that the stable temperature 
has risen to 330 °C due to NiO NPs anchoring to the poly-
mer. The stable temperature of polymer will increase about 
150 °C due to incorporation of NPs into the polymer. Unlike 
polymer (PSt), the process of weight loss occurs in one step 
for PSt/NiO NCs in the temperature range 330–500 °C with 
a weigh loss of 95% which is associated with an endother-
mic process at 442 °C in the DTA curve. This corresponds 
to the destruction of the polymer (PSt) on the surface of 
NiO NPs [8, 51]. The remaining 5% of weight in the TGA 
curve corresponds to the NiO NPs after complete combus-
tion of polymeric NCs. Thermal data can be concluded that 
the polymeric NCs contain 5 wt% NiO NPs. For this reason, 
the thermal stability of the polymeric NCs increased about 
150 °C.

3.7  DSC analysis

In order to evaluate the effect of incorporation of NiO NPs 
on glass transition temperature of polymeric NCs, DSC 
thermo-graphic for polystyrene and PSt/NiO NCs were 
recorded and shown in Fig. 7.

The glass transition temperature was observed at 68 °C 
for polystyrene and 100 °C for PSt/NiO NCs. The glass 
transition temperature (Tg) is a standard for the degree of 
rotational freedom. The plastic property of a thermoplastic 
polymer is further enhanced if the glass transition tempera-
ture is lower. Improvement in the temperature of glass transi-
tion of polystyrene is difficult due to the rigidity of phenyl 

rings. This improvement occurs when polymer components 
are well absorbed onto the surface of the nanoparticles. It 
decreases the free space to move polymer macromolecules. 
Thus, a behavioral improvement in the glass transition tem-
perature suggests a strong chemical bond between nanopar-
ticles and polymer chains. The results of the DSC analy-
sis show that the glass transition temperature increased by 
32 °C with the addition of 5 wt% of NiO NPs in the polymer 
matrix.

Polymer crystallization process is observed at two tem-
peratures of 87 and 91 °C (exothermic), and its melting 
temperature is 170 °C (endothermic). For this procedure, 
the crystallization and melting temperature of PSt/NiO NCs 
were observed at 106 and 160 °C respectively. Therefore the 
polymer performance increases where polymer flexibility 
has an important role. This change shows that the mobility 
of polymeric chains decreased in the presence of NiO NPs 
and subsequently has become more ordered. Energy crys-
tallinity of the polymeric chains increases with increasing 
regularity and finally causes the glass transition temperature 
to increase.

Increasing the thermal stability of plastics causes their 
resistance to decomposition, disintegration by heat, mechan-
ical cutting or oxidation reactions. On the other hand, an 
increase in the glass transition temperature in this group of 
polymers causes the paste to form at higher temperatures, 
which will reduce their permeability. It is therefore used a 
variety of fillers to achieve higher thermal stability and an 
improvement in the glass transition temperature of plastics.

In this study, NiO NPs were considered as a reinforce-
ment of the polystyrene matrix because they have excellent 
thermal properties. The thermal analysis results (TGA/DTA 
and DSC) showed that the thermal resistance and glass tran-
sition temperature of polystyrene was improved for 45 and 
29 °C respectively. It compared the thermal stability and 
glass transition temperature of several similar polymeric NPs 
that their data is presented in Table 4. As shown in the table, 
the thermal stability and glass transition temperature of the 
nanocomposite prepared by us are better than the reported 
ones. The polymeric NCs with superparamagnetic properties 
were also prepared by the addition of NiO NPs.

3.8  VSM analysis

The magnetization measurements of bare NiO NPs and PSt/
NiO NCs were recorded at room temperature is shown in 
Fig. 8. As can be seen in Fig. 8a, the shape of the hysteresis 
loop is characteristic of superparamagnetic behavior (weak 
ferromagnetic) although bulk NiO is antiferromagnetic [53, 
54]. From Fig. 8a, the coercive field  (Hc) and the remnant 
magnetization  (Mr) are estimated to be only 45.7 Oe and 
0.0068 emu/g for NiO NPs. The maximum field applied, 
8425 Oe does not saturate the magnetization  (Ms) and the 

Fig. 7  DSC thermo-graphic for polymers: (a) polystyrene; (b) PSt/
NiO NCs polymeric
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magnetization at this applied field is 0.45 emu/g. The low 
coercive field and remnant magnetization confirm that NiO 
NPs exhibit a little ferromagnetic property. The non-satura-
tion of the magnetization is characteristic of superparamag-
netic (weak ferromagnetic) ordering of the spins in the NPs. 
NiO NPs is made of small magnetic domains. Each mag-
netic domain is characterized by its own magnetic moment 
oriented randomly. The total magnetic moment of the NPs 
is the sum of these magnetic domains coupled by dipolar 
interactions [55, 56]. As a result, a low value of remnant 
magnetization is obtained. The magnetic properties of NPs 

have been believed to be highly dependent on the sample 
shape, crystallinity, magnetization direction.

As can be seen in Fig. 8b, the coercive field  (Hc) and the 
remnant magnetization  (Mr) are estimated to be only 49 Oe 
and 0.0032 emu/g for PSt/NiO NCs. The maximum field 
applied, 8460 Oe does not saturate the magnetization  (Ms) 
and the magnetization at this applied field is 0.033 emu/g. 
The addition of polymer to nanoparticles causes its magnet-
ism to be reduced. But more importantly, with the addition 
of NiO NPs to a polymer such as polystyrene, a polymer 
nanocomposite is obtained with paramagnetic character.

It compared the magnetization measurements of several 
similar NiO NPs and polymeric NCs containing NiO NPs 
that their data is presented in Table 5. As shown in the table, 
magnetic saturation and coercive field of the PSt/NiO NCs 
prepared by us are lower than the reported ones.

4  Conclusions

NiO2 was prepared from reaction of Ni(NO3)2⋅6H2O with 
sodium hypochlorite in the present of CTAB in alkaline 
solution, and then its oxidation by ethanol, obtained NiO 
nanoparticles (NPs). PSt/NiO NCs were prepared via in situ 
miniemulsion polymerization from the reaction of polysty-
rene and modified NiO NPs by APS as radical initiator. The 

Table 4  The thermal stability 
and glass transition temperature 
of several similar polymeric 
NCs

Polymeric NCs Amount of NPs 
bonded to polymer 
(%)

Synthetic method 
for polymerization

Increased glass 
transition (°C)

Increased 
thermal stability 
(°C)

References

PSt/Fe3O4 6 Solvent 2.2 – [52]
PSt/SiO2 5 Miniemulsion 4 10 [51]
PSt/Hg 4 Solvent 20 12 [10]
PSt/NiO 5 Miniemulsion 32 45 This work
PMMA/NiO 5 Suspension 10 30 [25]
PMMA/NiO 5 In situ bulk – 35 [3]

Fig. 8  Magnetization versus applied magnetic field at room tempera-
ture for: (a) bare NiO NPs and (b) PSt/NiO NCs

Table 5  Magnetic parameters of NiO NPs and polymer/NiO NCs

Material Coercive 
field (Oe)

Magnetic 
saturation 
(emu/g)

Remnant 
magnetiza-
tion (emu/g)

References

NiO NPs 66 0.065 0.002 [57]
NiO NPs 452 1.19 0.098 [58]
NiO NPs 45.7 0.45 0.0068 This work
NiO NPs 334.5 0.226 0.0046 [59]
PANI/NiO 

NCs
238 0.45 0.040 [58]

PSt/NiO NCs 49.0 0.033 0.0032 This work
EDTA/NiO 

NCs
279 0.232 0.0047 [59]
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NiO NPs and PSt/NiO NCs prepared by our method are sim-
pler and less costly as well as smaller particles with lower 
calcining temperature. The surface of NiO NPs was changed 
to the hydrophobic character due to surface modification 
using oleic acid and grafted by polystyrene. The results 
showed that LD of modified NiO NPs increased with the 
rising amount of modifier up to 5% wt. Optimum modifica-
tion was obtained at 65 °C and 4 h for reaction time. The 
XRD pattern showed embedded polystyrene to NiO NPs 
reduced crystallinity of NPs, so that the height and inten-
sity peak of NCs is reduced. FTIR spectra revealed a single 
molecular layer is composed of oleic acid on the surface of 
NiO NPs. SEM showed that PSt/NiO NCs are completely 
spherical particles and like dandelion flower. The NCs were 
well distributed in the matrix and produce excellent mono-
dispersion. The TGA and DSC analysis showed that the NCs 
contain 5% wt NiO NPs, and the thermal stability of polymer 
increased about 30 °C and its glass transition temperature 
increased about 10 °C due to incorporation of NiO NPs into 
PSt polymer. The NiO NPs have paramagnetic behavior. The 
polymeric NCs with superparamagnetic properties were also 
prepared by the addition of NiO NPs.
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