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Abstract
Development of sustainable routes for nanoparticle synthesis is one of the important research issues in waste management. 
Herein, we synthesized the nano iron oxide-cubic (NIO-C) nanoparticles from iron waste sludge for application as additive 
in polyethylene glycol (PAG46) lubricant. X-ray diffraction (XRD) evidenced the presence of maghemite as a dominant 
phase of the NIO-C nanoparticles, having (311) crystallographic plane at the diffraction angle of 35.27°. High-resolution 
transmission electron microscopy (HR-TEM) confirmed the presence of cubic maghemite of ~ 20 nm in size. The NIO-C 
nanoparticles served as the additive in the PAG46 lubricant, showing a decrease in the coefficient of friction by 46% at 
25 °C and by 36% at 80 °C. Reducing the coefficient of friction was assigned to the cubic NIO-C fractions, enhancing the 
smoothness of the metal plates. This study describes economic and environmentally sustainable method for producing cubic 
maghemite nanoparticles.
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Statement of Novelty

Red mud waste from iron mines is one of the environmental 
problems nowadays. Utilization ofthe red mud waste for the 
synthesis of functional nanomaterials would reduce waste 
problems andgive useful products. We report the synthesis 
of uniform iron oxide (maghemite type)nanoparticles from 
the red mud. Iron oxide nanoparticles are uniform in size, 

serving as anadditive to the lubricating oil. The iron oxide 
nanoparticles adsorb onto the surface betweenmoving metal 
parts, decreasing the friction coefficient significantly. Hence, 
here we synthesizedthe iron oxide nanoparticles from the 
iron red mud waste and applied as an additive in thelubri-
cants. This method is promising for the future large-scale 
synthesis of uniform iron oxidenanoparticles, contributing 
to waste reduction.
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Introduction

Nanoparticles can be synthesised by physical, chemical, and 
biological methods [1]. Nanoparticle synthesis requires salt 
precursors, and thereby supplying enough inorganic salts is a 
challenge for economical and environmentally friendly syn-
thesis [2]. Metal oxide nanoparticles including  TiO2,  SnO2, 
 Al2O3, ZnO,  ZrO2,  Fe3O4 were synthesized from its salt 
precursors and used as additives for lubricants. Metal oxide 
nanoparticles dispersed in lubricants form protective films 
between rough metal surfaces, reducing the coefficient of 
friction by 5.36–65.4% [3, 4]. For example, addition of the 
 TiO2 nanoparticles to lubricants is promising for reducing 
the coefficient of friction due to the protective film formation 
on the worn surfaces [5]. The  TiO2 nanoparticles in lubri-
cants enhanced load bearing capacity by 35% [6]. Lubricant 
containing 5 wt% of the  TiO2 nanoparticles of ~ 50 nm in 
diameter resulted in reduction of the coefficient of friction 
by 15.2% and the coefficient of wear by 11.0% [7, 8]. Moreo-
ver,  Al2O3 nanoparticles of ~ 20 nm in diameter dispersed in 
lubricant were effective in reducing the coefficient of fric-
tion by 49.1% [9, 10]. In addition, iron oxide nanoparticles 
are efficient for reducing friction and wear, and have been 
widely studied due to low toxicity [11, 12, 13, 14, 15, 16, 
17]. Thus, variety of metal oxides have shown high potential 
in reducing friction and wear.

Friction and wear occur at the interfaces between mov-
ing metals in mechanical systems [18]. Reducing friction 
and wear is necessary for efficient and effective function 
of mechanical systems such as vehicles and machines [19]. 
Furthermore, improving lubrication properties would sig-
nificantly decrease the world’s energy consumption [20]. 
Friction and wear consume ~ 23% of the world’s energy, 
while ~ 20% of energy is used for friction. For example, 
at the internal energy combustion of a passenger car, only 
21% of energy is used to move a car, while the rest of 79% 
accounts for energy losses including friction [21, 22]. Rough 
metal surfaces contribute to an increase in friction and wear, 
and thereby finding effective lubricants is a technical chal-
lenge for science and engineering [23]. Lubrication signifi-
cantly reduces the coefficient of friction because the slid-
ing metal surfaces are separated by layers of lubricant [24]. 
Nanoparticles dispersed into lubricants decrease the friction 
and wear coefficients, forming protective film (tribo-film) 
on sliding metal surfaces [25, 26, 27, 28]. Lubricants con-
taining nanomaterials with low elastic modulus and high 
hardness are crucial for excellent lubricating properties [29, 
30, 31]. Nanoparticles fill the rough surfaces, improving the 
smoothness of the sliding metal parts, leading to a signifi-
cant decrease in the friction and wear coefficients [29].

The present study reports synthesis of iron oxide 
(maghemite) from an industrial byproduct of iron waste 

sludge, contributing to waste reduction. Maghemite nano-
particles are biocompatible, being a favorable candidate 
for lubricant applications [32]. Maghemite nanoparticles 
were synthesized from iron waste sludge in the presence 
of cetrimonium bromide (CTAB), denoted as a nano iron 
oxide-cubic (NIO-C) structure. The NIO-C nanoparticles 
were used as an effective additive in PAG46 lubricant, 
reducing the coefficient of friction by 46% at 25 °C and 
by 36% at 80 °C. The presence of maghemite was con-
firmed with an X-ray diffraction (XRD), while the size and 
the interlayer distance was directly observed with a high-
resolution transmission electron microscopy (HR-TEM). 
Effective tribological properties of maghemite dispersed 
in base oil were confirmed by measurements of the coef-
ficient of friction against sliding speed.

Experimental Procedure

Synthesis of the NIO‑C Nanoparticles

The NIO-C nanoparticles were synthesized from the concen-
trated iron ionic solutions obtained from the waste sludge, 
located at an active iron mine near the city of Prijedor in 
Bosnia and Herzegovina. The synthesis procedure was 
adopted from our previous study described in the preceding 
literature [33, 34]. Extraction and purification of the sludge 
were conducted by open digesting the dry sludge with acids 
at the mass ratio of 10:1:1 = dry sludge:HNO3 (65%):H2SO4 
(98%) for 2 h. After digestion, the oxidized powder was 
dispersed in distilled water at the ratio of 1:100 = oxidized 
sludge:distilled water using ultrasonication at 60 Hz for 
20 min. The dispersion was filtrated through the glass fiber 
filter (mash 0.45 µm). Iron ions were separated by classical 
cationic separation with  NH4Cl and  NH4OH, followed by 
dissolution with conc.  HNO3. Atomic Absorption Spectrom-
eter (Analyst 400, Perkin Elmer) served to measure concen-
trations of metal ions. Cationic surfactant cetrimonium bro-
mide (CTAB) of molecular formula  C19H42BrN served for 
micelle formation. The NIO-C nanoparticles were formed by 
precipitation in the basic medium (NaOH) of pH = 13. The 
precipitate was dried at 105 °C for 2 h and treated at 600 °C 
for 2 h, as shown in SEM micrographs (Figure S1). The 
NIO-C nanoparticles were centrifuged (Techtnica Centric 
200R) for 15 min at 5000 rpm, separated from the superna-
tant and dried at 105 °C in the air atmosphere. The NIO-C 
nanoparticles were further characterized.

Characterization of Nanoparticles

An X-ray diffraction machine (XRD, Rigaku MiniFlex 300) 
with an X-ray source of Cu-Kα, λ = 0.15418 nm served 
for crystal structure characterization. A high-Resolution 
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Transmission Electron Microscope (HRTEM, JEOL JEM 
2010, 200 kV) and a scanning electron microscope (SEM, 
Hitachi S-500 20 kV) served for visual observations of the 
NIO-C nanoparticles. The NIO-C nanoparticle aggregates 
were ground with a mortar and pestle prior to the HR-TEM 
and SEM observations. The NIO-C nanoparticles were 
dispersed in ethanol and dropped onto the copper grid for 
HRTEM observations. Powder of the NIO-C nanoparticles 
was placed onto the conducting carbon tape for the SEM 
observations. An optical microscope (Sensofar Plu Neox3D) 
served for observation of the steel ball after the fiction test.

Tribology Tests

Tribology tests were conducted using rotational ball-on-disc 
tribometer (WAZAU TRM100) (Figure S2a). Efficiency of 
the NIO-C nanoparticles as an additive in polyethylene gly-
col (PAG46) lubricant was investigated as the coefficient of 
friction against the sliding speed of a ball over the steel disc. 
The PAG46 containing 0.5 wt% of the NIO-C nanoparticles 
was placed between an upper steel disc and a lower steel 
ball. The NIO-C nanoparticles were dispersed in PAG46 
(Figure S2c) with a disperser tub (IKA T25 digital Ultra-
Turrax) at 13 000 rpm for 30 min.

An upper steel disc (X155CrVMo12-1) (Figure S2b) had 
hardness of 60 HRC, the roughness average of 0.5 μm, and 
diameter of 105 mm. A lower steel ball (X39Cr13) (Figure 
S2b) had hardness of 57 ± 3 HRC, grade of 100, and diam-
eter of 8 mm. The steel ball was completely immersed in a 
temperature-controlled lubricant bath of 350  cm3. The con-
tact pressure of 1.50 GPa (normal load of 70 N) was applied 
at the ball/disc interface. Speed-sweep tests for Stribeck 
graphs were conducted by increasing/decreasing the speed 
from 0 to 2.0 m  s−1 in 4 min at the constant pressure. We 
repeated the speed pattern for 6 times. The tests were per-
formed at the temperatures of 25 °C and 80 °C.

Results and Discussion

Shape of the NIO Nanoparticles

The shape of the nano iron oxide (NIO) nanoparticles was 
investigated using HR-TEM microscopy. The NIO nanopar-
ticles consist of agglomerates of small cubic crystals that are 
uniform in size, denoted as the nano iron oxide-cubic (NIO-
C) nanoparticles (Fig. 1a, Figure S3). Agglomerates of the 
NIO-C nanoparticles have the size of several hundreds of 
nanometers. Aggregation of the NIO-C nanoparticles can be 
assigned to the presence of van der Waals attractive forces, 
giving well-contacted cubic nanoparticles (Fig. 1b) [35]. 
SEM micrographs show the presence of large aggregates of 
the NIO-C nanoparticles (Figure S1a, b). We estimated the 
external surface area of the NIO-C nanoparticles assuming 
the cubic shape of the NIO-C nanoparticles. The external 
surface area  (Sex.) of the NIO-C nanoparticles was calculated 
as follows:

where A is the average area of the NIO-C nanoparticle deter-
mined as the edge length square ( a2 ,  nm2), ρ is the density 
of the NIO-C nanoparticles (4.90 g  cm−3) referred to magh-
emite, and V  is the average volume of the NIO-C nanopar-
ticles, determined as the edge length cube ( a3 ,  nm3) [36]. 
The NIO-C nanoparticles have the external surface area of 
12  m2  g−1, according to our estimation. The NIO-C nano-
particles have a small internal porosity according to nitrogen 
adsorption analysis [37]. Thus, the external surface area of 
the NIO-C nanoparticles should be nearly equal to the total 
surface area of 12  m2 g.

The NIO-C nanoparticles were formed at the controlled 
conditions of synthesis such as total Fe concentration, tem-
perature, and pH [38]. Oxidized Fe ions in the presence of 

(1)Sex. =
Ā

𝜌 ⋅ V̄
⋅ 10

3
(

m2g−1
)

Fig. 1  HR-TEM micrographs 
representing the shape of the 
NIO-C nanoparticles observed 
at (a) low magnification and (b) 
high magnification



1684 Waste and Biomass Valorization (2024) 15:1681–1688

1 3

CTAB at the temperature of 105 °C led to the slow Fe ion 
diffusion, giving the NIO-C nanoparticles of relatively uni-
form shape. Shape and size of the NIO-C nanoparticles can 
be changed by changing the concentration of Fe ions, tem-
perature, and pH.

Crystallinity of NIO‑C and Crystal Sizes Determined 
by Scherrer and Williamson‑Hall Methods

The XRD pattern shows the crystal structure of the NIO-C 
nanoparticles (Fig. 2a). The peaks at diffraction angles of 
30.03°, 35.27°, 42.80°, 52.37°, 56.56° and 62.25° corre-
spond to the crystal planes of (220), (311), (400), (422), 
(511), and (440) [39, 40]. The crystal sizes were calculated 
using Scherrer and Williamson-Hall (W–H) equations for 
comparison. Scherrer's equation is used for determination 
of the crystal size of powders from the crystalline planes as 
follows: [41]

where K is the shape factor that is close to unity (0.90), λ is 
the wavelength of X-rays of 0.15406 nm for Cu Kα X-ray 
source, β is the line broadening at half maximum of the 
diffraction peak, θ is the Bragg angle. W–H and Scherrer 
equations were used to determine the crystal sizes, consider-
ing the X-ray diffraction peaks of the NIO-C nanoparticles. 
W–H method considers the size broadening and the strain 
broadening as follows: [42]

where ε is the strain, and D is the crystal size. The crystal 
size and the strain were determined from the intercept and 
slope of β cos (θ) vs. 4 sin (θ) (Fig. 2b).

(2)L =

K�

� cos (�)

(3)�cos(�) = �4sin(�) +
K�

D

The crystal sizes of the NIO-C nanoparticles were esti-
mated using Scherrer and W–H methods (Table 1). Scherrer 
method gives the crystal sizes at the diffraction planes. The 
crystal sizes at the crystallographic faces of (220), (311), 
(400), (422), (511), and (440) are in the range of 18–24 nm. 
W–H method is more rigorous than Sharrer method, giv-
ing the average NIO-C size of 75.24 nm, considering the 
aforementioned crystal faces. Thus, the large crystal size by 
W–H method applies to the entire crystal, while Scherrer 
method gives the crystal sizes at the particular crystallo-
graphic faces.

The HR-TEM micrograph shows the crystal lattice of the 
NIO-C nanoparticles, confirming high crystallinity (Fig. 3). 
The NIO-C nanoparticles have a well-ordered structure of 
maghemite without defects in the crystal lattice. The inter-
layer distance of the NIO-C nanoparticles ranges from 0.15 
to 0.30 nm (Table 2), as estimated from XRD crystallo-
graphic planes. Fast Fourier Transform (FFT) of HR-TEM 
shows the interlayer distance of 0.25 nm (Fig. 3), corre-
sponding to that of (311) crystallographic plane (Table 2). 
Interlayer distance from XRD crystallographic plane (311) 
coincides with that estimated from the FFT-HRTEM 

Fig. 2  Crystallinity of the 
NIO-C nanoparticles by XRD. 
a XRD patterns of the NIO-C 
nanoparticles and JCPDS cards 
of maghemite. b W–H plot for 
crystal size and macrostrain 
determination

Table 1  Parameters of the XRD patterns with the peak positions, 
crystal size (L) determined by Scherrer, and the crystal size (D) and 
microstrain determined by W–H equation

2 theta (deg) Miller
indices

Scherrer W–H Macrostrain
L (nm) D (nm) ε/10–3

30.03 (220) 23.71 75.24 4.34
35.27 (311) 24.50
42.80 (400) 24.14
52.37 (422) 31.18
56.56 (511) 18.89
62.25 (440) 20.94
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micrograph, confirming the presence of the maghemite 
nanoparticles [43].

The particle size distribution histogram was referred from 
the TEM images by measuring the size of the NIO-C nano-
particles (Fig. 4a). The NIO-C nanoparticles have narrow 
particle size distribution, ranging from 10 to 60 nm. The 
NIO-C nanoparticles of 21.60 ± 1.96 nm in size are domi-
nant. A comparison plot between crystal sizes determined by 
different methods shows that the NIO-C nanoparticle size by 
W–H method is as high as 75.24 nm, while the particle sizes 
determined by Scherrer method and HR-TEM observation 
show similar sizes of 23.89 nm on average and 21.60 nm, 
respectively (Fig. 4b). The crystal size of the NIO-C nano-
particles determined by W–H method is the highest because 
the crystallographic faces of the entire crystal were consid-
ered, while the crystal sizes by Scherrer method and TEM 
observation are similar because the edge length was meas-
ured at particular crystallographic planes.

Effect of the NIO‑C Nanoparticles on Friction

The NIO-C nanoparticles, owing to its nanoscale size, can 
fit onto rough metal surfaces, filling the grooves and reduc-
ing the friction between the metal parts in motion. Stribeck 
graphs (Fig. 5) show an effect of PAG46 lubricant on the 

coefficient of friction at 25 and 80 °C, containing dispersed 
NIO-C nanoparticles between the sliding metal surfaces. 
The lubricant layer was located at the interface between the 
sliding metal surfaces. The coefficient of friction of the pure 
PAG46 lubricant against the sliding speed has almost con-
stant tendency, suggesting that the pure lubricant does not 
significantly reduce the coefficient of friction (Fig. 5a). The 
lubricant containing 0.5 wt% of the NIO-C nanoparticles 
reduces the coefficient of friction by 46% at the tempera-
ture of 25 °C. Decrease in the coefficient of friction can be 
explained by a thin NIO-C layer formation on the metal sur-
face. The layers of the NIO-C nanoparticles adsorb onto the 
rough metal surface, reducing the roughness and the coef-
ficient of friction consequently. In contrast, the coefficient 
of friction was reduced by 36% at the temperature of 80 °C 
(Fig. 5b). Reducing the coefficient of friction at 80 °C was 
smaller than that at 25 °C due to the general tendency of a 
decrease in lubricant viscosity with temperature. Thus, when 
viscosity is low (at 80 °C), the NIO-C nanoparticles cannot 
entrap well onto the grooves on the metal surface, giving a 
higher coefficient of friction. Oppositely, when viscosity is 
high (at 25 °C), the NIO-C nanoparticles are firmly attached 
on the metal surface, smoothening the surface and giving a 
low coefficient of friction.

The lubrication mechanism in the presence and absence 
of the NIO-C nanoparticles as an additive can be illustrated 
schematically as shown in Fig. 6. Two steel discs lubricated 
with oil without the NIO-C nanoparticles (Fig. 6a) do not 
show a decrease in the coefficient of friction against slid-
ing speed (corresponding to the blue line in Figs. 4a and b) 
because the surfaces come into contact. The grooves on the 
steel disc scratch each other and the coefficient of friction 
remains almost constant against the sliding speed. On the 
other hand, lubricant PAG46 containing dispersed NIO-C 
nanoparticles reduces the coefficient of friction against slid-
ing speed (corresponding to the red line in Figs. 5a and b) 

Fig. 3  HR-TEM of the NIO-C 
nanoparticles and its cor-
responding FFT micrograph, 
showing the interlayer distance 
between the crystalline planes

Table 2  Interlayer distances at 
the crystalline planes estimated 
from Bragg diffraction law

2 theta (deg) Miller
indices

d (nm)

30.03 (220) 0.30
35.27 (311) 0.25
42.80 (400) 0.21
52.37 (422) 0.17
56.56 (511) 0.16
62.25 (440) 0.15
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because the nanoparticles fill the grooves on the steel surface 
(Fig. 6c). Steel surfaces with the nanoparticles filling the 

grooves become smooth, leading to a decrease in the coef-
ficient of friction.

Fig. 4  NIO-C crystal size. a 
Histogram of the size distribu-
tion. b Comparison plot of 
the sizes determined by W–H 
method, Scherrer method, and 
TEM observation. Crystal size 
by Scherrer method represents 
the average from all crystallo-
graphic planes

Fig. 5  Stribeck curves for the NIO-C nanoparticles. a Lubricant temperature: 25 °C. b Lubricant temperature: 80 °C. The average contact pres-
sure of 1.50 GPa and the sliding speed of the steel ball of 1 m  s−1 were applied

Fig. 6  Schematic representa-
tion of the rough metal surfaces 
in contact sliding in opposite 
directions: a Rough metal sur-
faces lubricated with PAG-46. b 
Rough metal surfaces lubricated 
with PAG46-NIO-C. c Optical 
micrograph of the steel ball 
after fiction test
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Summary

The NIO-C nanoparticles of high crystallinity and uniform 
size distribution were synthesized from the Fe ionic solu-
tions remediated from the waste sludge of the Fe mine. We 
demonstrated production of the NIO-C nanoparticles from 
Fe waste sludge and its potential application as an additive in 
base oil (PAG46). The NIO-C nanoparticles (0.5 wt%) dis-
persed in PAG46 decreased the coefficient of friction by 46% 
at 25 °C and by 36% at 80 °C. The NIO-C nanoparticles fill 
the grooves on the metal surfaces, smoothening the surface 
and decreasing the coefficient of friction. The NIO-C nano-
particles synthesized from the Fe waste sludge are promising 
for future application as additives in lubricants.
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