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a b s t r a c t
The main objective of the current work is to investigate the adsorption mechanism of magnetite 
that has been extracted from mill scale waste, for the removal of cadmium ions from the aqueous 
solution. The mill scale was grounded for 24 h in conventional milling and then milled 8 h in high 
energy ball milling to get nanoparticles. The characterizations of the magnetite mill scale nano adsor-
bents (MMSNA) were done with a high-resolution transmission electron microscope, field emission 
scanning electron microscopy, energy-dispersive X-ray spectroscopy, X-ray diffraction, Brunauer–
Emmett–Teller and zeta sizer. The magnetite nanoparticles from this work are crystallite, with 
irregularly shaped particles, a relatively low specific surface area of 4.02 m2/g, and have an isoelectric 
point at pH value 5.8. Comprehensive adsorption studies were performed to investigate the adsorp-
tion of cadmium ions on the MMSNA, including the evaluation of kinetics and isotherms, the effect 
of pH, contact time, and mass of adsorbent. The optimal time for removal was 30 min, although the 
adsorption reached equilibrium within 15 min, which was found to fit well with the pseudo- second-
order and Langmuir model. The maximum Langmuir adsorption capacity of the adsorbent was 
about 3.06 mg/g. The adsorbent was regenerated using a little acidic deionised water and cadmium 
ions removal of 90% after 5 cycles, which confirms the chemical stability and reusability of the man-
ufactured nanoparticles. The results and analysis of the MMSNA suggest that it can be one of the 
potential adsorbents for magnetic separation in wastewater treatment.

Keywords:  Magnetite nanoparticles; Mill scales waste; Cadmium removal; Equilibrium and kinetic 
studies

1. Introduction

Cadmium (Cd) had been recognised as an occupa-
tional health hazard for many decades. It is a by-product 
of zinc production and is one of the most toxic elements to 

which man can be exposed at work or in the environment. 
Once absorbed, Cd is efficiently retained in the human 
body and is accumulated throughout life. Cd is primarily 
toxic to the kidney, especially to the proximal tubular cells, 
which is the main site of accumulation. Cd can also cause 
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bone demineralization, either through direct bone damage 
or indirectly as a result of renal dysfunction. In the industry, 
excessive exposure to airborne Cd may impair lung func-
tion and increase the risk of lung cancer. All these effects 
have been described in populations with relatively high 
exposures to Cd in industrial or in heavily polluted environ-
ments [1]. Therefore, the standard quality water in Malaysia 
puts a low limit for Cd, which is 3 µg/L [2]. In the year 2018, 
it had been reported that Cd had appeared over the limit, at 
12.3 µg/L [3]. However, the conventional method efficiently 
removed the higher concentrations of the heavy metal ele-
ments in wastewater [4]. Therefore, researchers came with 
an efficient process of removing the low and medium level 
of heavy metal concentrations from sewage. Water remedia-
tion was believed to have a higher potential in removing the 
lower concentration of heavy metals, especially the magnetic 
separation method. Furthermore, the magnetic separation 
method had solved the problem of filtering failure and 
maintenance as used before, since the separation method 
is done by applying an external magnetic field to remove 
the adsorbents bounded with the pollutants from the clean 
water. Recently, magnetic adsorbents had been successfully 
extracted from natural sources such as beach sand and mill 
scales waste [5,6]. The idea is to maintain the production cost 
of the adsorbents so that it is relevant to compete with the 
other adsorbents. Mill scale waste has been widely used as 
one of the compatible ferrites sources in many applications 
[7]. Moreover, for wastewater treatment, the mill scale has 
shown its potential in removing pollutants such as dye [8] 
and arsenic [6,9,10].

Mill scale waste is the by-product of steel that is pro-
duced during the hot rolling operations [11]. The produc-
tion is more than a million tonnes per year, and it might 
contribute to ground pollution. Therefore, the reuse of the 
mill scale in many applications might help in reducing the 
waste and help it to become a useful agent. Mill scale consti-
tutes 50% wustite, 10% hematite and 40% of magnetite [12]. 
Among the three types of magnetic particles, magnetite has 
been significantly explored by researchers to be one of the 
best adsorbents that can remove heavy metals efficiently, 
even though it has been used in a high magnetic separa-
tion system [13]. Magnetite is one of the amphoteric solids 
that allows protonation and deprotonation on the surface 
to form surface charge [14]. This ability of it attracts more 
attention in exploring the adsorption mechanism of heavy 
metals onto magnetite. Therefore, several synthesis meth-
ods on optimising the behaviour of the magnetite have been 
reported yearly. Besides, greater attention is given to mag-
netite nanoparticles which are attributed to the magnetic 
properties and specific surface areas for improvement. One 
of the simple methods for size reduction is high energy ball 
milling (HEBM). This method reduces particles from micron 
size to nano-size [5,7,15]

In this work, we reported a rapid removal of cadmium 
ions (Cd2+) by magnetite, extracted from mill scale waste 
then milled for 8 h in HEBM to get nanoparticles. The mag-
netite nanoparticles are then used in a batch experiment 
to study the equilibrium and the kinetics from the experi-
mental data. This study also aims to explain the mechanism 
of the adsorption of Cd2+ onto magnetite mill scale nano 
adsorbents (MMSNA) by integrating the equilibrium and 

kinetics study with the characteristics of the adsorbent after 
the adsorption. It is important to prove that the adsorbent is 
reliable and can be extended to mass production for indus-
trial consumption.

2. Methodology

2.1. Samples preparation

2.1.1. Adsorbent

Raw mill scale waste was purchased from steel factories 
located in Malaysia. Impurities such as stone, sand, dust or 
pieces of plastic were removed to avoid contamination in the 
samples. Sieve (50 µm) or manual removal method can be 
used in this step as it is suitable for impurities such as stone, 
sand, dust or pieces of plastic that might contaminate the sam-
ples. From here, only flakes (<50 µm) of mill scales are used 
to crush in conventional milling. The mill scale waste sources 
are selected and then weighed to about 200 g, and they then 
undergo crushing and grinding until the mixture becomes a 
fine powder, by using a conventional ball milling machine 
(Pascall Engineering, Malaysia) for 24 h. The milled pow-
der was purified by using separation I: magnetic separation 
technique, to separate the magnetic and non-magnetic pow-
der. Fine powders were then poured into a glass tube with 
deionised water, and the magnetic field of 1 T was imposed 
on the glass tube. As a result of this, the impurities with high 
density are submerged at the bottom of the glass tube, while 
the contaminations with a low-density float on the surface 
of the glass tube. The magnetic slurry that is attracted to the 
external magnet was then collected and preceded using sep-
aration II: Curie temperature separation technique (CTST). 
The mill scale waste separation routes (separation I and II) 
were done similar to the previous report by Azis et al. [7,12], 
with some modification. CTST is used to separate strong and 
weakly magnetic particles at a higher temperature. During 
the CTST process, the glass tube was filled with hot deion-
ised water (90°C–100°C) mixed with magnetic slurry from 
the previous separation. A magnetic field of 1 T was applied 
to the tube and it was shaken vertically along the magnetic 
field. During this process, the temperature of the water as 
the medium must be maintained to be more than 90°C. The 
reason for using hot water is to make sure the magnetic par-
ticles with high Curie temperature will be attracted to the 
magnetic field applied. Whereas, the magnetic particles with 
lower Curie temperature, which is lower than 90°C, will lose 
their magnetic properties and submerge at the bottom of the 
glass tube [7,12]. The magnetic particles that sink at the bot-
tom of the glass tube need to be removed to avoid any mix 
up again with the higher magnetic materials at the magnetic 
field applied.

Meanwhile, the magnetic attractions were collected and 
dried in the oven at 60°C for 24 h. To optimize the amount 
of strong magnetic particles, the CTST process is usually 
repeated up to 3 times. The dried magnetic powder was then 
milled using the 700 rotational per min (rpm) SPEX 8000D 
milling machine with a ball to powder ratio of 10:1 for 8. 
Both vials were filled up with the same amount of the mag-
netic powder (5 g each) together with the steel balls. Each 
vial was filled up with 9 steel balls with size ranges from 
1.6 to 0.8 cm.
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2.1.2. Adsorbate

All compounds used to prepare reagent solutions were 
analytical reagent grades. The stock solution to Cadmium 
nitrate (Cd(NO3)2) (Sigma-Aldrich, UK) (10.0 mg/L) was 
prepared by dissolving a weighed quantity of the respective 
Cd(NO3)2 in deionised water. The concentration of the metal 
solution and pH used in this work was 1 mg/L with pH 6.

2.1.3. Samples characterisation

The structural and phase composition of samples was col-
lected with X-ray diffraction (XRD), (Philips Expert PW3040 
diffractometer, Amsterdam) operating on 40 kV and 40 mA 
with CuKα radiation (λ = 0.154 nm). The morphology, parti-
cle size and atom arrangement of the samples were observed 
using a JEM JEOL 2100, (USA) high-resolution transmission 
electron microscope (HR TEM) and field emission scan-
ning electron microscope (FESEM) (Nova Nano 230) with 
energy-dispersive X-ray spectroscopy (EDX). Brunauer–
Emmett–Teller (BET): Micromeritics Tristar II PLUS, (USA) 
BET machine was used to determine the surface area per 
mass of the samples. About 0.2 mg of samples were degassed 
at 120°C for 8 h under 1 Pa vacuum condition before mea-
surement, to remove the humidity in the samples. Infrared 
(IR) spectroscopic analysis infrared spectra (200–4,000 cm−1) 
were recorded using a Fourier transform infrared spectros-
copy (FTIR) spectrometer (Thermo Nicolet, Model Nicolet 
6700, USA). The magnetic properties of samples were mea-
sured by a vibrating sample magnetometer LAKESHORE 
Model 7404 (USA). The measurement was carried out at 
room temperature. The external field of 0–13 kOe (kG) was 
applied parallel to the samples. Zeta potential was measured 
using a zeta sizer (Malvern ZS, UK). The zeta sizer provides 
titration of solutions to pH 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10.

2.2. Batch adsorption studies

The adsorption experiments were performed by batch 
technique to investigate the removal of Cd2+ onto MMSNA. 
Several batch experiments with a variation on target vari-
ables were carried out to delineate the mechanism and opti-
mum conditions of Cd2+ adsorption using MMSNA.

The kinetic study was carried out with a 1 mg/L initial 
concentration of Cd2+ and 0.3 g/L MMSNA. pH and tempera-
ture were also controlled at 7°C and 24°C, respectively. The 
mixture was stirred at 160 rpm for 1 h, and the samples were 
collected every 5 min. The initial concentration of Cd2+ was 1, 
2, 3, 4, and 5 mg/L in a quantity of 100 mL.

The influence of pH on the Cd2+ adsorption was inves-
tigated by changing the pH of the Cd2+ solutions of 1 mg/L 
concentration. The pH solutions were adjusted to 2, 3, 4, 5, 
6, 7, 8, 9, and 10 by adding 1 N NaOH or 1 N HNO3. The 
MMSNA (0.3 g/L) was added to the solutions, and the mix-
tures were stirred at 160 rpm at 24°C for 1 h. The adsorbate 
(Cd2+) bound to the adsorbent (MMSNA) was then col-
lected and separated with clean water by using an external 
magnetic field before the analysis of ionic concentration.

To study the dosage influenced on adsorption capaci-
ties, a different dosage of MMSNA ranging from 10 to 50 mg 
was added into the fixed concentration of Cd2+ solution 

(100 ml and 1 mg/L), and then agitated for 160 rpm at a pre- 
determined contact time and pH at room temperature.

After adsorption, all solution samples were separated 
using the external bar magnet and were analysed using an 
atomic absorption spectrometer (AAS) (Thermo Scientific 
iCE 3000 Series Solar AA, US). The initial and final concen-
trations of the sample solutions were measured by AAS. The 
batch experiments were conducted in triplicate to ensure 
precision and consistency of the findings.

2.2.1. Removal efficiency and adsorption capacity

Removal efficiency is also known as the removal percent-
age of metal ions, which refers to the percentage of the metal 
ions removed from the initial metal concentration solutions. 
The removal efficiency of Cd2+ from the aqueous solution 
was calculated using Eq. (1).

Cd Removal% %=
−

×
C C
C

e0

0

100  (1)

2.2.2. Kinetic studies

Kinetic modelling of Cd2+ was carried out by mixing 
30 mg of magnetite nanoparticles with 100 ml of mg/L aque-
ous solutions in 100 ml covered bottles of optimum pH 7. The 
samples were withdrawn at predetermined times such as 5, 
10, 15, 20, 25, 30, and 35 min. After magnetic separation, the 
residual concentrations of Cd2+ were measured using an AAS 
(Thermo Scientific iCE 3000 Series Solar AA, US). Adsorption 
capacity at any time, qt (mg/g), was calculated according to 
the following equation:

q
C C V
mt

t=
−( )0  (2)

where C0 and Ct (mg/L) are Cd2+ concentrations at the initial 
and residual at any time (minute) respectively. While V (mL) 
is the volume of Cd2+ solution and m (mg) is the mass of dry 
adsorbent.

From the literature, the study of the kinetics of mag-
netic nanoparticles for heavy metals adsorption uses several 
kinetic models to describe the rate and extent of the adsorp-
tion of the adsorbate onto the adsorbent. Four different 
dynamic models were used in this work with a calculation 
of the variance (Eq. (3)) of the adsorption capacity from each 
model. All the models used were linearized, and the model 
with closer linearity to 1 with a lower percentage of variance 
was considered as the best model to explain the mechanism. 
In this work, Largergren’s pseudo-first-order, Largergren’s 
pseudo-second-order, and Elovich, and intraparticle-diffu-
sion kinetic models were used to study the kinetics of the 
MMSNA.

δ =
∑ −( )q q

N
m calc

2

 (3)

Largergren’s equation for first-order kinetics can be 
expressed as in Eq. (4) [16]:
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ln ln( )q q q k te e0 1−( ) − =  (4)

where qt is the amount of adsorbate adsorbed (mg/g) at times 
(min) and k1 is the rate constant (min–1). The Largergren’s 
first-order rates constant k1 and qe was calculated from the 
intercept and slope by plotting log (qe – qt) vs. t (min). The 
pseudo-second-order kinetic can be written as Eq. (5) [16]:

t
q k q

t
qe e e

= +
1

2
2  (5)

where k2 (min mg/g) is the rate constant of the pseudo- 
second-order adsorption which can be determined experi-
mentally from the slope and intercept of plot t/qt vs. t (min).

Elovich equation was used to interpret the kinetics of 
sorption that was previously described as chemical sorption 
on highly heterogeneous sorbents [17]. The equation had 
been simplified and linearized as in Eq. (6).

q
b

ab
b
tt = ( ) +1 1ln ln  (6)

where a is the initial adsorption rate (mg/(g min2)) and b is 
the desorption rate (mg/(g min)).

The intra-particle diffusion was explored using a linear 
intra-particle kinetic model. Where kintra is the intra-particle 
diffusion rate constant (mg/(g min0.5) and C is a constant 
related to the thickness of the boundary layer (mg/g). If the 
plot of qt against t0.5 gives a straight line, the sorption process 
is controlled by intra-particle diffusion only. The equation for 
this is as stated in Eq. (7):

q k t Ct ra= +int
.( )0 5  (7)

2.2.3. Adsorption isotherm models

The experimental data were analysed by using adsorp-
tion isotherm models. Here Langmuir, Freundlich, Elovich 
and Dubinin–Radushkevich (D–R) adsorption isotherm 
models were used to describe the equilibrium between 
adsorbed Cd2+ on MMSNA (qe) and Cd2+ in solution (Ce) at a 
constant temperature.

Langmuir described monolayer adsorption and Freun-
dlich isotherms models were often used to analyse the mul-
tilayer sorption on the sorbent. The linear equation of the 
four isotherms was used to compare the linearity and the 
variance of the calculated maximum adsorption capacity to 
the experimental maximum adsorption capacity as in Eq. (3).

The Langmuir equation is expressed in Eq. (8):

C
q q K

C
q

e

e m L

e

m

= +
1

 (8)

The Freundlich equation is expressed as Eq. (9):

ln ln lnq k
n

Ce e= +










1
 (9)

where qmax and KL in the Langmuir equation represented the 
maximum adsorption capacity of adsorbents (mg/g) and 
Langmuir adsorption constant related to the free energy of 
adsorption, respectively. k and n are Freundlich constants 
related to adsorption capacity and adsorption intensity, 
respectively.

The D–R linearized equation can be written as Eq. (10):

ln lnq qe m= + βε2  (10)

ε = +








RT

Ce
ln 1 1

2

 (11)

where β in Eq. (9) is the Dubinin’s constant, ε is the energy 
as described in Eq. (11).

Elovich implies to multilayer adsorption by assuming that 
the adsorption sites increase exponentially with adsorption. 
The linear equation can be written as Eq. (12) [18]:

ln ln
q
C

K q
q
q

e

e
E m

e

m









 = −  (12)

where KE is the Elovich equilibrium constant (L/mg), and 
qm is the Elovich maximum adsorption capacity (mg/g).

Temkin isotherm model assumes that the heat of adsorp-
tion of all the molecules in the layer decreases linearly with 
coverage due to adsorbent–adsorbate interactions and that 
the adsorption is characterised by a uniform distribution of 
the binding energies, up to some maximum binding energy. 
Temkin linear equation is given by Eq. (13):

q B K B Ce T T T e= +ln ln  (13)

where BT and KT are Temkin constant.

2.2.4. Thermodynamic study

The change in the energy of the adsorption was studied 
by using three different temperatures, which were 298 K, 
318 K, and 338 K under the optimising conditions selected. 
Thermodynamic parameters, such as enthalpy change (∆H°), 
Gibb’s free energy (∆G°) and entropy change (∆S°) can be cal-
culated using Van’t Hoff equations:

lnK G
T

S
R

H
RTD =

°
=

°
−

°∆ ∆ ∆  (14)

where ∆H° is the change in enthalpy (J/mol), ∆S° is the 
entropy change (J/mol K), T is the absolute temperature (K). 
R is the universal gas constant (8.314 J/mol K), and KD is the 
distribution coefficient obtained by multiplying Langmuir 
constant qm and KL [19]. The values of ∆H° and ∆S° parame-
ters can be calculated from the gradient and intercept of the 
linear Van’t Hoff plot of ln KD against 1/T from Eq. (14).

2.2.5. Regeneration

Theoretically, when there is adsorption, desorption 
also might be occurring. For this purpose, the desorption 
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experiment had been carried out. After the adsorption pro-
cess, the adsorbent was separated magnetically and washed 
once with distilled water. The regeneration studies were 
performed by mixing with 100 mL of little acidic deionised 
water for 1 h in an ultrasonic bath. The MMSNA was then 
separated magnetically, and the final concentration of the 
Cd2+ ions after desorption was determined by AAS.

Regeneration ratio was calculated by using the following 
equation:

Reg
desorb
adsorb

% = ×
q
q
e

e

100  (15)

where qedesorb is the number of metal ions desorbed to the 
desorption medium and qeadsorb is the number of metal 
ions adsorbed on the adsorbent.

3. Results and discussion

3.1. Characterization of raw mill scales waste

Figs. 1a–c shows the images of FESEM with the scale bar 
2 µm. The EDX results showed that oxygen decreases after 
conventional milling and keeps decreasing after complete 
CTST. This result is in agreement with the previous study 
[12]. Details of the percentage of the elements can be seen 
in Table 1. Theoretically, the percentage of iron in magnetite 
is 73%, and hematite is 70%, while wustite is 77%. From the 
XRD diffraction peaks, after 8 h milling time, the samples 
transform into magnetite nanoparticles. After the first 

separation, only magnetic materials are left, which consist 
of wustite (FeO), hematite (Fe2O3), and magnetite (Fe3O4). 
The second separation is used to remove wustite using the 
Curie Temperature. Wustite has a lower Curie temperature 
compared to the other two types of iron oxides. Therefore, 
after the second separation, only Fe2O3 and Fe3O4 are left. 
HEBM is one of the simplest mechanical alloying meth-
ods where reduction of the hematite occurs and it becomes 
magnetite. Therefore, Fig. 2 shows a pattern of pure Fe3O4 
nanoparticles. High energy generated by the colliding steel 
ball in the vials is responsible for breaking the oxygen 
bond and reduces the Fe2O3 to Fe3O4 [21]. Fe3O4 extracted 
from mill scales is used as a nano adsorbent known as 
MMSNA.

Fig. 1. (a) FESEM image and EDX results for raw mill scale, (b) after 24 h conventional milling and first separation (MST), and 
(c) after CTST.

Table 1
Element percentages of raw mill scale scales, after MST, after 
CTST, after milling 8 h, and after Cd2+ adsorptions

Sample Element percentage (%)

Fe O Cd

Raw mill scale 40 60 0
After 1st separation (MST) 45 55 0
After 2nd separation (CTST) 49 51 0
After 8 h HEBM (MMSNA) 54 46 0
MMSNA Cd2+ loaded  
(after adsorption)

39 59 2
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3.2. MMSNA characterizations before and after adsorption

3.2.1. Particle size and elemental analysis

High energy generated during milling is responsible 
for breaking the oxygen bonds and the reduction of Fe2O3 
to Fe3O4 without using reducing agents [20,21]. From the 
XRD data, the intensity had revealed diffraction peaks of 
all samples after HEBM entirely corresponded to standard 
pattern characteristic peaks of the Fe3O4 hexagonal inverse 
spinel structure (ICPDS: 98-001-2128) at 30.1° (110), 35.45° 
(113), 43.07° (024), 56.97° (125), 62.47° (208). As can be seen, 
the main peak has corresponded to hkl (113). Fig. 2 demon-
strates that the diffraction peaks index remains the same as 
before adsorption. However, the presence of the Cd2+ on the 
Fe3O4 surface causes the diffraction peaks to broaden. These 
revealed that the MMSNA phase preserves after the adsorp-
tions of Cd2+ and the broadening of diffraction peaks is due to 
the lower crystallinity attributed to the presence of the Cd2+ 
onto the MMSNA surface. The results are in agreement with 
the previous research [22,23].

Fig. 3a shows the comparison of EDX results before 
and after adsorption. After the adsorption, Cd2+ presence is 
found onto MMSNA, as can be seen in Fig. 3c. The detailed 
percentage is reported as in Table 1. The microstructural 
studies and the morphology studies have revealed that, after 
8 h of milling, the average size is reduced to 13.1 nm with 
a higher magnetic force. These were observed through the 
higher rate of the agglomeration which occurred between 
each of the nanoparticles. The shape of the MMSNA is 
non-spherical and arbitrary (hexagonal as described from 
XRD pattern). However, from the HR TEM images (Fig. 4a), 
we can see that the crystal lattice is in a functional arrange-
ment with the presence of small dislocation defects. From 
the FESEM image, as presented in Fig. 4b, it can be seen 
that after 8 h of milling time, the nanoparticles agglomerate 
and have an arbitrary shape [24]. The agglomeration is due 
to the reduction of the size of the nanoparticle, which gains 
higher surface area and higher magnetic forces between 
each nanoparticle [25]. The size of the particles was deter-
mined from the histogram made by measuring the particles 
of HR TEM and FESEM images, as shown in Fig. 4c.

FTIR measurement used to study the mechanism of the 
attachment of Cd2+ onto MMSNA. Therefore, Fig. 5 shows 
the spectra before and after the adsorption of Cd2+. As can be 
seen in Fig. 5, the IR spectra for before and after Cd2+ loaded 
are dominated by bands characteristic of Fe3O4 nanoparticle 
bands. The second IR spectra in Fig. 5 shows the change in 
the intensity of the bands in range 440–580 cm–1 and 3,000–
3,600 cm–1 which is caused by Cd2+ sorption. Therefore, this 
band can be considered as the sorption process indicator. The 
change is synchronised to an alteration in the surrounding of 
the ring. The alteration is due to the change in charges and 
ionic radii of the cations and ring deformations which influ-
ence the intensities of the bands related to the ring vibrations. 
Change occurring in IR spectra caused by the sorption of cat-
ions affect the ring band intensity instead of their position 
of the spectrum [26]. As can be seen in Fig. 5, there are also 
bands of CO2 related to the background atmosphere. The 
appearance of CO2 is due to the preparation of the samples 
where the CO2 from the atmosphere was not removed before 
the IR spectra measurement started [27].

3.2.2. Zeta potential

One of the crucial characteristics to study on an adsorbent 
is their surface charge. The surface charge can be measured 
through the zeta potential value on the surface of the adsor-
bents. Furthermore, the value of the isoelectric point can be 
determined. In Fig. 6, it is shown that the positivity increases 
and the negativity decrease after the adsorption. However, 
the point of zero potential is still interpolated into the same 
point, which is at a 5.8 pH value [28,29]. These results show 
that the presence of the Cd2+ on the MMSNA does not affect 
the point of zero charges (PZC), but only affects the stabil-
ity of the adsorbents. Before the PZC, MMSNA has a pos-
itive surface charge with a maximum value of +17.6 mV, 
which later becomes negative PZC with a minimum value 
of –16.5 mV. The maximum and minimum values of zeta 
potential are in the range of lower stability, which allows it 
to react spontaneously with other ions. The PZC would be 
different on a different method of synthesizing the magne-
tite [30]. The change of the surface charge of the MMSNA 
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Fig. 2. XRD spectrum pattern of (a) MMSNA before and after Cd2+ adsorptions and (b) magnetite (ICPDS: 98-001-2128).
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attributed by the deprotonation and protonation is illus-
trated in Fig. 7. With an increasing pH, the adsorbent surface 
becomes more negatively charged, which explains why more 
OH– groups are generated (Fig. 7), and this allows the Cd2+ to 
be adsorbed more effectively. After Cd2+ is loaded, the posi-
tivity is increased by increasing the pH and lowering the neg-
ativity, which proves that Cd2+ is present and bounded to the 
MMSNA. This result is similar, as reported previously [31].

3.2.3. BET analysis

A specific surface area is one of the properties that 
might affect the adsorption rate. From the BET results, the 
specific surface area of the MMSNA is 4.01 m2/g. Besides, 
it is also revealed that the solid particles have 21.5 nm of 
mesoporous adsorbate, with an average pore volume 
0.008356 cm³/g. However, since MMSNA is a colloidal 
nanoparticle, the adsorbate was unable to penetrate the 
MMSNA, the porosity characteristics are may be useful for 
gas adsorption and not for this purpose. From the Barrett–
Joyner–Halenda adsorption and desorption graph (Fig. 8a), 
it can be seen that the adsorption lies in type III, which 
was best explained by Sing et al. [32]. Adsorption in type III 
indicates that the gas molecules were physically adsorbed 

into the MMSNA. However, this is for when Nitrogen (N2) 
gas molecules are adsorbed into the MMSNA. The smaller 
area between the two plotted data describes that there was 
a higher ability to desorb the gas molecules with lower resi-
dues left onto the MMSNA (Fig. 8a). This result would help 
in the regeneration of the adsorbent. Fig. 8b demonstrates 
the adsorption peak of N2 gas that occurs to a lower width 
of the pores.

3.2.4. Magnetic properties

The M-H hysteresis curve of MMSNA is shown in 
Fig. 9. Symmetric hysteresis and saturation magnetization 
can be observed. It can also be seen that MMSNA shows 
ferromagnetic behaviours, where even the size lies in the 
critical size range and behaves superparamagnetic. Two 
factors result in high coercivity of small nanoparticles, 
which are, the spin rotation and shape anisotropy. As can 
be seen in Figs. 4a and b, the shape is arbitrary. Coercivity 
is smaller when the particles are spherical [25]. According 
to the results, there is 175 kG of coercivity in the MMSNA 
and 50.1 emu/g of saturation magnetization, which is lower 
than that of the bulk Fe3O4 (90 emu/g). This phenome-
non may attribute to the small particle size effect since a 

 
Fig. 3. Energy-dispersive X-ray (EDX) spectrum analysis of (a) element percentages before and after adsorption, (b) coloured 
element before adsorption, and (c) coloured element after the adsorption of Cd2+.
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 Fig. 4. (a) HR TEM images with a 10 nm scale bar, (b) FESEM images with 1 µm scale, and (c) histogram of MMSNA after 8 h milling.
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Fig. 7. Schematic mechanism of the adsorption of Cd2+ onto MMSNA [33].
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noncollinear spin arrangement occurs primarily at or near 
the surface. This results in the reduction of the magnetic 
moment in MMSNA [21].

3.3. Adsorption equilibrium studies

3.3.1. Effect of contact time

Contact time is one of the factors used in studying the 
kinetics of heavy metal adsorption. Reported findings have 
shown that the development of charge on the surface of an 
adsorbent is usually governed and influenced by the con-
tact time. Contact time thus becomes one of the assessments 
on identifying the efficiency of the adsorbent. Fig. 9 clearly 
shows that the rate of Cd2+ uptake increases rapidly in the 
first 10 min and become slower for the next 5 min. More than 
60% of removal was done within the first 5 min followed by 
another 30% for the next 5 min, and a total of 90% was com-
pleted after 15 min. The adsorption capacity for MMSNA at 
15 min was found to be 1.7 mg/g. From Fig. 9 it can be seen 
that initially, the rate of adsorption was high due to the abun-
dant free space around the solid magnetite nanoparticles.

3.3.2. Effect of solution pH

From the observations of the previous report, there are 
various optimum pH values at which adsorptions can occur. 
The pH conditions would help to optimise the Cd2+ uptake. 
Therefore, the effect of solution pH on the adsorption of Cd2+ 
onto MMSNA was assessed within the pH range of 1 to 10, as 
shown in Fig. 10. It is observed that there is no adsorption at 
pH values 1 and 2, and a half Cd2+ uptake at pH 3 (>50%). In 
spite of that, the adsorption capacity had gradually increased 
at solution pH from 3 to 6 and plateaued between pH 6 and 
10. The rapid increment of the adsorptions occurring before 
pH 5.8 was due to the ion exchange, as explained in Fig. 7. 
At this stage, the surface charge of the MMSNA is positively 
charged as reported from the electrokinetic curve in Fig. 6. 
Hence, the adsorption is totally on chemisorptions, prefera-
bly ion exchange. Though after a pH of 5.8, the increment of 
the adsorptions might be due to electrostatic repulsion which 
exists between H3O+ ions and the cationic Cd2+ which finally 

drive Cd2+ to be attracted to the higher negativity surface 
charge of MMSNA. A similar trend also has been reported 
[17]. Enhancement of the amount of Cd2+ on the surface of a 
solid is caused by van der Waals forces (includes dipole-di-
pole, dipole-induced dipole, London forces and possibly 
hydrogen bonding).

Conversely, Fig. 7 is used to explain the mechanism 
that occurred before the pH reached a value of 5.8 (PZC 
of MMSNA), which was supported with FTIR and zeta 
potential results. At a range of pH 2–5, the adsorption is 
successful for 85%. After reach a pH of 5.8, the adsorption is 
increased by another 10%. The increment can be explained 
as in Fig. 7 where, from FTIR results, there are active 
hydroxyls present on the adsorbent surface. Therefore, at 
the time when the surface charge is positive, ion exchange 
is allowed to occur. These results are in agreement with the 
intensity change at the IR spectra in Fig. 5 [26].

3.3.3. Effect of adsorbent dosage

The adsorbent dosage is one of the crucial parameters 
when used in the determination of the adsorption capacity 
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as per Eq. (2) above. Adsorbent dosage is the denominator; 
the lesser the amount of the adsorbents, the better efficiency 
of the adsorbent. However, it was observed that the removal 
efficiency (RE%) increased until it came to a specific dosage 
where the RE% became constant (Fig. 11). This work has 
proven that the increase in the removal percentage finally 
ends at 0.3 g. The increment no longer occurs when the 
removal percentage is static at 95%.

Nevertheless, no significant changes had been observed 
with a higher dosage (>0.3 g) as the Cd2+ concentration, and 
the solution Cd2+ came to an equilibrium with each other, 
which resulted in slower uptake onto MMSNA. Meanwhile, 
the decrease in qe with an increase in adsorbent dosages 
might be caused by particle interactions, such as aggrega-
tion caused by the high adsorbent concentration, which leads 
to a decrease in the surface area and saturation of the solid 
nanoparticles.

3.3.4. Effect of initial Cd2+ concentration

Initial concentration is one of the factors used to study 
the equilibrium of the magnetic nano-adsorbents. The initial 
metal ion concentration acts as the driving force to overcome 
the mass-transfer barrier between the adsorbent and adsor-
bate medium. MMSNA was first being investigated for metal 
ions removal of the aqueous solution. Therefore, it was used 
in deficient concentration on this work. The concentration of 
the solution is 1, 2, 3, 4, and 5 mg/L with an adsorbent dos-
age of 300 mg constantly, for all different initial concentra-
tions. The effectiveness of adsorption reached 95% for model 
Cd2+ ion solutions with initial concentrations of 1.0–1.5 mg/L 
(Fig. 13). Hence, increasing the concentration of Cd2+ caused 
a slight decrease in the efficiency of the removal of Cd2+. As 
explained in Fig. 7, the mechanism affected the Cd2+ adsorp-
tions. Besides, when the equilibrium is achieved, it will not 
be able to adsorb the other ions anymore. This similar trend 
had been found in some other reported researches [6,10,17]

3.4. Adsorption kinetics

Fig. 12 demonstrates the effect of contact time on 
the adsorption capacity of Cd2+ on MMSNA. Initially, the 
adsorption amount qt increased quickly, then reached the 
equilibrium in about 10 and 15 min for the adsorption of 
Cd2+. The fast adsorption rate at the incipient stage could 
be attributed to the increase of driving force provided by 
the concentration gradient of cations in solution and the 
existence of a significant number of active sites on the sur-
face of MMSNA [21,22]. Hence, a contact time of 15 min was 
sufficient to reach equilibrium for MMSNA in the adsorption 
of Cd2+. To understand the rate of the adsorption process, 
four kinetic models, including Langergren’s pseudo-first- 
order, Langergren’s pseudo-second-order, Intra-particle, and 
Elovich dynamic models were applied. The fitting of exper-
imental data to the linear forms for the five kinetic models 
on five different initial concentrations is shown in Fig. 14. 
The higher linear regression correlations show the pseudo- 
second-order model was more appropriate for describing 
the adsorption behaviour of Cd2+.

Moreover, the results suggest that both physical and 
chemical adsorption might be involved in the adsorption 
behaviour of Cd2+ [22], as affirmed by the characterization 
with IR spectra and zeta potential, as illustrated in Fig. 7. 
Fig. 14d shows that there was the first step of intraparti-
cle diffusion since the equilibrium data was not presented 
in the graph. The plots did not go through the origin, sug-
gesting that intra-particle diffusion was not the only rate- 
controlling step. So, the adsorption process was collectively 
controlled by external mass transfer and intra-particle dif-
fusion [20]. Although the values of calculated equilibrium 
capacities (qe,calc) from the Langergren pseudo-first-order, 
pseudo- second-order, Elovich, and the intra-particle diffusion 
kinetic models were in agreement with those of experimen-
tal capacities (qe,exp), at different initial Cd2+ concentrations 
to some extent (Table 2), it is probable that the adsorption 
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system did not follow the Langergren first-order or Elovich 
or intra-particle kinetic models. The higher correlation coef-
ficients (R2) and lower δ values for the pseudo-second-order 
kinetic model indicated that the sorption followed a pseudo- 
second-order mechanism, and the sorption process was 
controlled by chemisorption and physisorption [17].

3.5. Adsorption isotherms

The equilibrium adsorption isotherms are prominent 
as the basis of this study and as the design of an adsorp-
tion system. In the present study, the equilibrium data were 
analysed using Langmuir and Freundlich isotherms. As 
observed in Fig. 6 (zeta potential), the pH of the zero point 
charge (pHpzc) for Fe3O4 is 5.8. Depending on the pH val-
ues, Cd2+ is found in different forms such as Cd2+, –Cd(OH)2, 
–Cd(OH)+, etc. In this case, Cd2+ was found at pH < 5.8. The 
adsorption mechanism of Cd2+ was involved in ion exchange 
interactions between the metal cations and –(OH)2

+ from the 
water on the adsorbent surface, as illustrated in Fig. 7. At 
pH < pHpzc, the surfaces were positively charged, and as such, 
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the adsorption ability of Cd2+ decreased due to the expulsive 
force. In contrast, at the pH > pHpzc, the surfaces were nega-
tively charged, whereby adsorption ability of Cd2+ increased 
due to the electrostatic attraction force. Moreover, if the pH 
of aqueous solutions is too low (strongly acidic medium) or 
too high (strongly alkaline medium), the adsorption capac-
ity of metal cations will decrease due to the weak interaction 
affinity; (H+) or (OH–) [34]. The analysis of the isotherm data 
by fitting them to different isotherm models is an important 
step to find a suitable model that can be used for design pur-
poses. The Langmuir, Freundlich, D–R, Elovich, and Temkin 
isotherm models were often used to analyse the data on the 
experimental adsorption of heavy metals [17]. As observed 
in Table 3 and Fig. 15, the Langmuir model is higher than the 
Freundlich model. This showed that the Langmuir models 
fit much better than the other models. However, qmax from 
Langmuir plotted that the variances are low for the three 
temperatures compared to the calculated. Linear regression 
for Langmuir varied from 0.9982 to 0.9994 for temperature 
varying from 298 to 338 K. These results in the mechanism 
were the combination of chemisorptions and physisorptions, 
as illustrated in Fig. 7. This type of Langmuir isotherm can 
be used to predict whether the adsorption is favourable or 
unfavourable in terms of either equilibrium parameters, or 
a dimension constant separation factor RL, which is defined 
by the following equation [35].

R
K CL
L

=
+
1

1 0
 (16)

Here C0 (mg/L) is the initial concentration of Cd2+. 
The RL indicates the type of isotherm to be irreversible (RL = 0), 

favourable (0 < RL < 1), linear (RL = 1) or unfavourable (RL > 1). 
The RL values in this study were in range 0.0684–0.0002  
(Table 3), which indicated favourable adsorption between 
Cd2+ and MMSNA.

The Freundlich model is applied to multilayer adsorp-
tion which is not a saturation-type isotherm. It is used to 
estimate the sorption intensity of the adsorbent towards the 
adsorbate. The values of n should lie in the range of 1–10 [17]. 
In this work, values of n are negative, which shows that this 
type is unfavourable.

The sorption data were applied to the D–R model to 
distinguish between physical and chemical adsorption. 
The linear form of the D–R model is shown in Eq. (10). The 
experimental data was evaluated by plotting lnqe against ε2 
to obtain the value qmax and beta from the intercept and slope 
respectively. The mean sorption energy (kJ/mol) is the free 
energy of the transfer per mole of the sorbate from infinity 
to the adsorbent surface and can be calculated using the fol-
lowing equation.

E =
1
2β

 (17)

The magnitude of this parameter is useful for information 
about the type of adsorption processes, such as chemical ions 
exchange or physical adsorption. All the parameters of qmax, 
β and E are given in Table 3. It can be seen that the E values 
varied from 3.44–4.69 kJ/mol at all studied temperatures, 
indicating that the adsorption of Cd2+ by MMSNA may be 
interpreted as physical adsorption.

It could be concluded that the Langmuir model is better 
in describing the adsorption result of Cd2+ with the higher 

Table 2
Adsorption rate constants and parameters of Cd2+ adsorption based on pseudo-first-order, pseudo-second-order, Elovich, and 
intraparticle kinetic models

Kinetic model Parameters Initial concentration (mg/L)

1 2 3 4 5

Pseudo-first-  
order

k1 (min–1) –0.2012 –0.2310 –0.0776 –0.07765 –0.0451
ln(qe) 1.0122 0.4804 0.3076 0.2559 0.2486
R2 0.7604 0.6245 –0.0670 –0.0375 0.7571
δ 0.5091 0.9363 1.0746 1.0096 1.0069

Pseudo-second-  
order

qe (mg/g) 3.8662 3.6717 3.7961 4.7794 3.5690
h 1.1259 0.6119 1.2282 2.6168 0.6131
k2 0.0753 0.0454 0.0852 0.1146 0.0481
R2 0.9862 0.9959 0.9706 0.7490 0.9982
δ 0.5459 0.3884 0.2511 0.8513 0.3599

Elovich a 2.1594 8.5768 1.6632 0.7466 11.4308
b 1.2638 1.7269 1.1886 0.8270 1.8936
R2 0.8673 0.8189 0.7504 0.7363 0.8642
δ 0.4247 0.4311 0.4499 0.4286 0.4273

Intraparticle kintra 0.4194 0.2999 0.4333 0.6186 0.2756
C (mg/L) 1.2426 1.91732 1.1007 0.1916 1.9401
R2 0.7831 0.69339 0.6236 0.5997 0.7491
δ 0.1354 0.0408 0.4103 0.0408 0.2972
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correlation coefficient R2 (R2 > 0.999). It is indicated that the 
adsorbed Cd2+ formed monolayer coverage on the adsor-
bent surfaces. All adsorption sites were equal with uniform 
adsorption energies without any interaction between the 
adsorbed molecules.

3.6. Thermodynamic studies

The thermodynamic study is another vital consideration 
to explain the mechanism through the energy and to deter-
mine what process will take place spontaneously. For this 
purpose, the value of the parameters related is significant 
for the practical application of a process. The parameters 
such as free energy, ∆G°, enthalpy ∆H°, and entropy ∆S° are 
listed in Table 4. The values of ∆H° and ∆S° were calculated 
from the gradient and intercepts of the linear plot of ln KD 
against 1/T in Fig. 16, and the values are given in Table 4. 
When these two parameters were obtained, values for ∆G° 
were calculated by using Eq. (14). The exothermic nature is 
also indicated by the decrease in the amount of adsorption 
with temperature. The values of ∆G° and ∆H° are negative 
results in spontaneous reactions occurring without the pres-
ence of any energy. An increase in randomness is indicated 
by positive values of entropy change. Frequently, the release 
of energy in the range of 8 to 25 kJ/mole due to adsorption is 

termed as physisorption, whereas much larger energy com-
parable to chemical bonding energy leads to chemisorption. 
There are always some exceptions to these values. The pre-
scribed amount of energy, differentiating physisorption and 
chemisorption, is based on extensive experience [36].

3.7. Adsorption desorption analysis

A regeneration study is essential to make sure of the sus-
tainability of the adsorbents. If the adsorbent can be regen-
erated, the cost of the production can be reduced by a lot, 
automatically. For this purpose, MMSNA was investigated 
for multiple adsorption–desorption procedures repeated for 
5 times (Fig. 17). The results decrease until the third cycle and 
start to maintain after 4–5 cycles. The percentages show that 
it can be reused and sustained for industrial consumption. 
The regeneration used a little acidic deionised water. The 
deionised water used to avoid other elements may contam-
inate the MMSNA or produced secondary pollutions. The 
possible mechanism which occurs for the regeneration is ion 
exchange and electrostatic force, where the H+ will remove 
the Cd2+ attached to MMSNA, and OH– will attract Cd2+ as 
illustrated in Fig. 18. When an adsorbed molecule receives 
energy equal to or greater than the energy of adsorption, it 
will leave the surface. This phenomenon is the reverse of 

Table 3
Parameters for the adsorption of Cd2+ onto MMSNA for Langmuir, Freundlich, Temkin, D–R and Elovich isotherm models

Temperature (K)

Isotherm models Parameters 298 318 338

qexp (mg/g) 3.01 3.33 3.27
Langmuir qm (mg/g) 2.9833 3.0641 3.0150

KL (L/mg) 13.6149 51.2339 27.4789
R2 0.9982 0.9994 0.9996
RL 0.0684–0.0006 0.0191–0.0002 0.0351–0.0003
δ 0.0118 0.1668 0.1803

Freundlich k (mg/g) 3.3974 3.2493 3.2471
1/n –0.0886 –0.0485 –0.0544
R2 0.9967 0.4113 0.8256
δ 0.2810 0.0358 0.0162

Temkin qm (mg/g) 3.3955 3.2514 3.2475
BT –0.2835 –0.1548 –0.1714
KT 0.9199 0.9535 0.9486
R2 0.9974 0.4224 0.8215
δ 0.2797 0.0344 0.0159

D–R qm (mg/g) 2.7489 2.7472 3.0026
β 4.22 × 10–3 2.50 × 10–3 2.28 × 10–3

E (kJ/mol) 3.4431 4.4725 4.689
R2 0.8873 0.7315 0.9721
δ 0.1776 0.3909 0.1891

Elovich qm (mg/g) 3.8330 4.2873 5.4568
KE 2.33 × 10–20 4.497 × 10–25 3.66 × 10–40

R2 0.9978 0.4761 0.8392
δ 0.5890 0.6981 1.5463
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Fig. 15. Isotherms model of (a) Langmuir, (b) Freundlich, (c) Temkin, (d) D–R, and (e) Elovich for Cd2+ adsorptions onto MMSNA.
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adsorption and is called desorption. When the number of 
molecules striking the surface and staying there is equal to 
the number of particles that are leaving (evaporating from) 
the surface, the system is said to be in equilibrium. All the 
atoms or molecules adsorbed on the surface do not have 
identical environments, since the distribution of free energy 
on the surface is not always smooth. This is because of the 
differences in the energy of the molecular orbitals of the 
adsorbent and also due to other internal interactions [36].

4. Conclusion

Magnetite nanoparticles with size 13.1 nm had been 
successfully extracted from mill scale waste. It is reported 
that there is no chemical involved in producing magnetite 
nanoparticles. The integrated results of the characterization 
and the equilibrium studies show that the mechanisms are 
chemisorption and physisorption, with lower interactions of 
the atoms. Rapid uptake and good standing adsorption are 
representatives of its attractiveness as low-cost adsorbent, 
where the source is from mill scale waste. The good stand-
ing of magnetic properties with no chemical involvement has 
given great versatile opportunities in the industrial applica-
tions since it avoids the generation of secondary pollutions. 
However, to compete with other adsorbents, some mod-
ifications need to be made to enhance the efficiency of the 
MMSNA. These surface modifications will be performed in 
future works.
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