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Hematite nanoparticles have a broad range of outstanding applications such as in wastewater treatment,

electrolytic studies, and photoelectrochemical and superparamagnetic applications. Therefore, the

development of facile and novel methods to synthesize hematite nanoparticles using low-cost raw

materials is an important and timely requirement. In this study, we have developed a facile economical

route to synthesize hematite nanoparticles, directly from the naturally occurring material laterite. Laterite

is a rock that is rich in Fe and Al with extensive distribution in large mineable quantities in many countries

around the world, though not yet utilized for major industrial applications. In this method, ferric ions in

the laterite were leached out using acid and the solution obtained was hydrolyzed with slow-release

hydroxyl ions which were acquired by aqueous decomposition of urea. The resulted precursor was

calcined to obtain hematite nanoparticles. Characterization data shows that the final product is

comprised of spherical hematite nanoparticles with a narrow particle size vs. frequency distribution with

an average particle diameter of 35 nm. The synthesized product has a purity of over 98%. Furthermore,

the synthesized nanoparticles show an excellent adsorption percentage as high as 70%, even when the

initial dye concentration in water is 5000 ppm and the amount of material is minimal, towards acid dyes

which are excessively used in textile based industries. Such acid dyes are a threat to the environment

when they are released into water bodies by industries in massive quantities. Therefore synthesized

hematite nanoparticles are ideal to treat dye wastewater in industrial effluents because such

nanoparticles are low cost and economical, and the synthesis procedure is rather facile and effective.
Introduction

Iron oxide nanoparticles have superior properties compared to
conventional sizes of the same material due to their high surface
area-to-volume ratio. Hence, such nanoparticles have been
immensely valuable materials due to their versatility in nanotech-
nology related applications with outstanding properties including
thermal stability,1–3 non-toxicity and characteristics such as
magnetic, catalytic, adsorptive and electric properties. Magnetic
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iron oxide particles are widely used in various imaging techniques
such as magnetic resonance imaging (MRI),4–6 molecular
imaging1,7–9 and some biomedical applications including drug
delivery systems,10–12 hyperthermia,13,14 tissue repair13,15 and puri-
cation of DNA.16 Such nanoparticles are widely used in sonocatalytic
and photocatalytic17–20 applications.

Naturally, iron oxides exist in different crystalline forms due
to their different oxidizing states in atmospheric conditions.
Such forms are hematite (a-Fe2O3), magnetite (FeO$Fe2O3),
maghemite (g-Fe2O3), b-Fe2O3, 3-Fe2O3, and wusite (FeO).21

Hematite is the oldest known iron oxide and is widespread
mainly in red rocks and soils. Its colour is blood-red (Greek
haima ¼ blood) if nely divided and black or a sparkling grey if
they are coarsely crystalline. Hematite has the corundum
(Al2O3) structure which is based on an hcp anion packing.
Similar to goethite, it is extremely stable and is oen the end
form of transformations of other iron oxides. Hematite is an
important pigment and a valuable ore.21 On the other hand,
nanoparticles of hematite are used in various advanced
RSC Adv., 2019, 9, 21249–21257 | 21249

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra03756j&domain=pdf&date_stamp=2019-07-08
http://orcid.org/0000-0001-9832-6807
http://orcid.org/0000-0003-3219-3233
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03756j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009037


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ly
 2

01
9.

 D
ow

nl
oa

de
d 

on
 6

/1
7/

20
26

 5
:4

6:
56

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
applications such as solar water oxidation20,22–25 and water
purication.

Conventional production methods of nanoparticles, mainly
microwave-assisted synthesis, co-precipitation method, hydro-
thermal and high-temperature synthesis, sol–gel synthesis,
polyol methods, ow injection synthesis, electrochemical
methods, aerosol/vapour methods and sonolysis methods have
been reported in the literature.3,26–36 It is an established fact that
the production of these nanoparticles require a lot of resources,
time, energy and human effort even for a single gram of
nanopowder which in turn make it a very limited and expensive
product that doesn't full the current demand.35,37 Recent
literature shows that hematite nanoparticles have been
produced by methods such as hydrothermal synthesis,38,39

electrochemical synthesis,40 microwave assisted synthesis41 and
so forth. Comparing the current synthesis procedure in this
paper with previous work, it suggests that this method is facile
and cost effective because it requires minimum materials and
minimum energy to synthesize the nanoparticles with the same
characteristics. Therefore identication of raw materials for the
synthesis and simple, novel and industrial viable techniques are
timely needed for the fullment of the current demand of iron
oxide nanoparticles.

In this study, we have developed a novel, simple and low-cost
method for the synthesis of hematite nanoparticles using iron-
rich laterites as a natural resource. Laterite is a rock found with
large mineable quantities, in equatorial tropical regions of the
world.42 It is rich in iron and aluminium in various proportions.
For the present study, an iron rich variety of laterites which is
called ferruginous laterites42 was collected from Sri Lanka and
used for the synthesis process. Synthesized nanoparticles were
characterized by scanning electron microscopy coupled with
energy dispersive X-ray spectroscopy, X-ray diffraction and
Fourier transform infrared spectroscopy. The synthesis proce-
dure requires minimum energy and materials for the produc-
tion compared to the existing synthesis routes of iron oxide
nanoparticles. Synthesized nanoparticles showed superior
adsorption capacities towards acid dyes as demonstrated by
industrially heavily used textile dye, Syno Acid Blue-NBF (SAB-
NBF). This conrmed the effectiveness of synthesized iron
oxide nanoparticles in industrial dye waste removal from
wastewater by adsorption.
Experimental
Materials

All chemicals used in the experiments were of analytical grade
and were used without further purication. Hydrochloric acid
(38 wt%) and urea (99 wt%) were purchased from Sigma-Aldrich.
Commercially available Syno Acid Blue-NBF (SAB-NBF) textile dye
was used as a typical adsorbate in the study. Laterite rock
samples were collected from Homagama, Sri Lanka.
Methods

Synthesis of iron oxide nanoparticles (IONP). Laterite rock
samples were washed with water to remove anthropogenic and
21250 | RSC Adv., 2019, 9, 21249–21257
plant materials, oven dried at 110 �C, pulverized and sieved to
obtain 250 mm particle size powder. 10 g of laterite powder,
20 ml of 5 M HCl solution and 20 ml of distilled water were
mixed together and reuxed for 4 h until the laterite was
digested. The mixture was centrifuged and the supernatant (S-1)
was mixed with 5 g of urea and heated at 90 �C under reux
conditions for 10 h (ref. 43) in order to hydrolyse the solution.
Then, the obtained precipitate was separated by centrifugation
and was calcined at 650 �C for 2 h to obtain iron oxide
nanoparticles.

Characterization of the iron oxide nanoparticles. X-ray
diffraction (XRD) technique was used to identify the crystal-
line phases of laterites and synthesized products with the help
of Rigaku Ultima IV X-ray Diffractometer operating with a Cu-
Ka�1 radiation source ltered with a curved single crystal
graphite monochromator (l ¼ 1.54056 �A). XRD patterns were
recorded from 2q values from 15� to 80� with 0.02� step-width
and 1 s counting time for each step. The XRD data were ana-
lysed using the DIFFRAC-Plus EVA program, and the patterns
were identied using the ICDD PDF 2 database. Fourier
Transform Infrared (FT-IR) spectra of materials were recorded
on a Bruker Vertex 80 FT-IR spectrometer with Hyperion 1000
ATR microscopy accessory. Inductively coupled plasma mass
spectroscopy (ICP-MS) (Agilent ICP-MS-7900) was used to
analyse the elemental compositions of samples. Hitachi SU6600
scanning electron microscope (SEM) was used to observe the
morphology and particle size of synthesized iron oxide nano-
particles. Additional elemental analysis of nanoparticles was
conducted using Energy Dispersive X-ray (EDX) spectroscopy
with a scanning rate of 192 000 CPS for 4.5 min which is
coupled with SEM. Thermal characteristics of the precipitates
obtained were studied with thermogravimetric analysis (TGA)
which was conducted using a TA SDT Q600 instrument under
atmospheric conditions at a heating rate of 20 �C min�1 from
30 �C to 1000 �C.

Adsorption studies of textile dye on to synthesized iron oxide
nanoparticles. Batch experiments were carried out for adsorp-
tion studies. Variable dosages of adsorbent (0.125, 0.25, 0.5, 1.0
and 2.0 g) were added into 25 ml portions of 5000 ppm SAB-NBF
dye solutions. The solution was sonicated for 30 seconds and
stirred at 300 rpm for 40 seconds at 25 �C. The solution was
centrifuged at 9000 rpm for 30 minutes for the separation of
adsorbent from the dye solution. Amount of adsorbate that
adsorbed into the adsorbent (Q) was calculated using eqn (1),

Q ¼ ðC0 � CÞV
m

(1)

where C0 is the initial concentration of the dye, C is the nal
concentration of the dye, V is the volume of dye solution and m
is mass of the adsorbent.

The percentage adsorption (%) was calculated using eqn (2),

% ¼ C0 � C

C0

� 100% (2)

Typical adsorption isotherms were studied by treating 25 ml
of variable concentrations of dye solutions (1000, 2000, 6000,
This journal is © The Royal Society of Chemistry 2019
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8000 and 10 000 ppm) with 0.2 g constant amounts of the
adsorbate. In here, three types of adsorbates were used for the
experiments such that as-synthesized hematite nanoparticles,
raw laterite powder and calcined laterite powder. The adsor-
bate–adsorbent mixtures were sonicated for 30 seconds using
a probe sonicator and stirred at 150 rpm for 20minutes at 25 �C.
The equilibrated mixtures were centrifuged at 9000 rpm for
30 min for the separation of solid adsorbate particles from the
solution. The visible spectra of the initial and treated dye
solutions were measured using UV-3600 Series UV-VIS-NIR
spectrophotometer (Shimadzu, Japan) at 0.2 nm sample
interval and 0.1 second time constant and maximum absor-
bance values at 620 nm were recorded for further calculations.

The adsorption data obtained from the batch experiments were
analysed using the linear forms of Langmuir and Freundlich
isotherm models as indicated in the eqn (3) and (4) respectively.

Ce

Qe

¼ 1

QmKL

þ Ce

Qm

(3)

where Qe is the equilibrium SAB_NBF concentration on the iron
oxide nanoparticle (mg g�1), Ce is the equilibrium SAB_NBF
concentration in the solution (mg L�1), Qm is the monolayer
adsorption capacity of the iron oxide nanoparticle (mg g�1), KL

is the Langmuir adsorption constant (L mg�1). The Langmuir
adsorption isotherm of Ce/Qe versus Ce for the adsorption of
SAB_NBF is shown in Fig. 7.

log Qe ¼ log KF þ 1

n
log Ce (4)

where Qe is the equilibrium SAB_NBF concentration on the iron
oxide nanoparticles (mg g�1), Ce is the equilibrium SAB_NBF
concentration in the solution (mg L�1), KF (L g�1) and n are
constants.
Fig. 1 (a) XRD pattern of the raw laterite powder used for the
production as the iron source; (b) ICP-MS data for selected elements
of S-1 and digested INp.
Results and discussion
Characterization and digestion process of laterites

Laterites are mainly comprised of Fe, Al and Si bearing minerals
such as goethite [FeO(OH)], hematite (Fe2O3), dickite [Al2Si2-
O5(OH)4], gibbsite [Al(OH3)] and quartz (SiO2). The XRD pattern
obtained for raw laterite powder suggests that it has the crys-
talline phases including hematite (2q¼ 34�, 36�, 63�, 65�/JCPDS
card no. 72-469), dickite (2q ¼ 12�, 25�/JCPDS card no. 3-55),
gibbsite (2q ¼ 21�, 55�, 78�/JCPDS card no. 76-1782) and quartz
(2q ¼ 27�, 37�, 56�, 69�/JCPDS card no. 5-490) (Fig. 1a). Even
though acid leaching process is applied mostly to Al-rening
industry to digest Al-rich minerals,44 in the present study only
the iron rich minerals are being digested with HCl, because
theoretically the conditions used in the suggested process are
not capable of leaching stable minerals and compounds such as
quartz, aluminium oxides/hydroxides into the aqueous
phase.45,46

In order to make sure that ions other than Fe has come to the
aqueous phase, an ICP-MS elemental analysis was done to the rst
supernatant (S-1) aer the rst reux setup and the prepared
nanoparticles (dissolved in HCl) (INp). As the results suggest as
shown in Fig. 1b, the S-1 (black columns) contains 82% Fe and 15%
This journal is © The Royal Society of Chemistry 2019
Al as majorly and the red columns represent the nal precipitate
which shows, 95% Fe and 3% Al as majorly. These ICP-MS results
suggest that the process retains some of the impurities in the
second supernatant aer the precipitate is formed, on the other
hand it increases the content of Fe in the precipitate.
The synthesis mechanism of IONp

The synthesis process of iron oxide nanoparticles composed of
two parts, the hydrolysis of S-1 and its calcination. When
considering the hydrolysis, urea acts as a slow releasing agent of
hydroxyl ions upon heating. The decomposition process of urea
in water upon elevated temperatures is as follows,

First, the urea dissolves in water, creating an aqueous
solution.

NH2CONH2(aq) + H2O(l) 4 2NH3(g) + CO2 (5)

Then with temperature, ammonia gas is produced (5), in
a combination of two major steps which are as follows: ((6)/(7))
RSC Adv., 2019, 9, 21249–21257 | 21251
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NH2CONH2(aq) + H2O(l) 4 NH4COONH2(aq) (6)

NH4COONH2(aq) 4 NH3(g) + CO2(g) (7)

When the emitted ammonia gas reacts with the water, it
releases ammonium ions resulting in hydroxyl ions.

NH3(g) + H2O(l) 4 NH4
+
(aq) + OH�

(aq) (8)

This whole process helps the size of the iron hydroxide
particles to be stabilized in the nanoscale. CO2 can re-dissolve
in water and make CO3

� ions. This results in iron carbonate
precipitate in the precursor.
Fig. 3 Fourier transform infrared spectroscopy result for raw laterite,
calcined laterite and the precipitate with industrially available hematite.
Synthesis of hematite nanoparticles

The extracted ferric ions through acid digestion of laterite
sample reacts with hydroxyl ions of hydrolysed urea in order to
produce precursor nanoparticles of iron hydroxides and
carbonates (precursor composition is discussed in the current
section). The obtained iron hydroxide and carbonate nano-
particles must be converted into iron oxide nanoparticles
through calcination process. TGA plot (Fig. 2a) of iron hydroxide
precursor suggests two decomposition steps. First thermal
Fig. 2 (a) Thermo gravimetric analysis for the prepared precipitate
after urea precipitation; (b) XRD pattern of the calcined precipitate at
600 �C.

21252 | RSC Adv., 2019, 9, 21249–21257
decomposition occurs around 100 �C with 4% mass loss due to
the evaporation of physically bound water molecules from
hygroscopic iron hydroxide precursor (section A). The second
decomposition step from 200 �C to 600 �C occurs with mass loss
of 14% as a result of the combination of solid urea decompo-
sition (section B) and conversion of iron hydroxides into the
iron oxides (section C). So the calcination temperature is iden-
tied to be 600 �C.
Fig. 4 EDX mapping result for the final precipitate.

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03756j


Fig. 5 (a) and (b) SEM images; (c) particle size frequency distribution of
the prepared hematite nanoparticles.

Fig. 6 Graphs of (a) adsorption amount (Q) and (b) percentage
adsorption versus adsorption dosage (c) the photograph of ppm SAB-
NBF dye solutions (c) before and after the adsorption by INPs the 1000
at room temperature.
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Fig. 2b shows the XRD pattern of the nal iron oxide product.
It has a clear comparison between hematite (2q ¼ 24�, 30�, 33�,
35�, 40�, 49�, 54�, 57�/JCPDS card no. 33-664) and lyonsite (2q ¼
27�, 36�, 46�/JCPDS card no. 84-1393).

Lyonsite is there as the crystalline phases of trace amount
impurities present in S-1 as shown in Fig. 1b, as small amount
as 0.1% while hematite covers 98% of the nal precipitate.

The FTIR spectra of the raw laterites, calcined laterites,
commercial hematite and the product from the proposed
method are illustrated in Fig. 3. The characteristic broad peak
around 540 cm�1 and the narrow peak ant 432 cm�1 corre-
sponds to the bonds in Fe2O3 formation.47 Also, in raw laterites,
there are some peaks corresponding to Si–O–Si stretching
vibration, Si–OH stretching and Si–O bonding in the wave-
lengths of 1000 and 1460 cm�1.48 There are bands correspond to
O–H bonds as appear at 1629 cm�1 and 3350 cm�1. This is due
to the water molecules present in ambient conditions.
This journal is © The Royal Society of Chemistry 2019
Dissolved conjugated carbonate compounds could also be
responsible for the band at 1629 cm�1. No peaks related to Al
are shown in the FTIR here nevertheless XRD results suggests
there are Al containing minerals in raw laterites. This may be
due to low percentage. Also no any bonds corresponding to Si
are seen in the prepared product and it has a good agreement
with the commercial laterite as well.

The EDX elemental mapping (Fig. 4) of the prepared product
also suggests that it's free from impurities like Si and Al. But as
suggested by Fig. 1b, the Al percentage of the nal product is
around 1%. Hence it can be concluded that EDX mapping
result, XRD, FTIR and ICP-MS results for the prepared product
are in good agreement that it is a pure hematite nanoparticles.

When considering the morphology and the particle size of
the particles as observed in SEM, it has a near spherical shape
that in between spherical and tabular particle morphologies.
The morphology before calcination is quite unclear because,
unwashed urea is also crystalized in between the iron oxide
nanoparticles upon drying. However when calcined, urea
decomposes and iron oxide nanoparticles are clearly visible as
shown in Fig. 5. The particle size distribution is very even as
shown in the Fig. 5b. The average particle size of the nal
product is 35 nm which is ranging from 10 nm to 70 nm.

When particle size and shape is taken into account,
synthesized nanoparticles have a considerable smaller particle
size when compared to literature,36,38,39,49 and a very stable even
shape which is more or less spherical shape. The frequent
question that raised is regarding the purity of the nanoparticles
which have been synthesized by earth materials. These
synthesized nanoparticles have over 98% purity as described in
the above sections and minor amounts of impurities (Fig. 6).

Adsorption of SAB-NBF textile dye. Adsorption is the adhe-
sion of a chemical substance or foreign material on to the solid
or liquid surface. Adsorption depends on the factors such as
surface area of the adsorbent, adsorbent dosage, adsorbate
RSC Adv., 2019, 9, 21249–21257 | 21253
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Table 1 Effect of adsorbent dosage as per constant concentration of
acid dye solution of 5000 ppm

Adsorbent dosage
(�0.0001) (g)

Percentage
adsorption (%) Q (mg g�1)

0.1250 48.6167 (�0.0362) 486.1667 (�1.8104)
0.2500 49.3987 (�0.0582) 246.9933 (�2.9084)
0.5000 62.0607 (�0.0803) 155.1517 (�4.0138)
1.0000 63.6067 (�0.0595) 79.5083 (�2.9768)
2.0000 70.7440 (�0.0904) 44.2150 (�4.5180)

Fig. 7 Adsorption isotherm models for different adsorbent materials;
(a) Langmuir; (b) Freundlich isotherms for raw laterite; (c) Langmuir; (d)
Freundlich isotherms for calcined laterite; (e) Langmuir; (f) Freundlich
isotherms for IONp.

21254 | RSC Adv., 2019, 9, 21249–21257
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concentration, temperature, surface charge, pH and various
chemical and physical parameters. Since the adsorption is
a surface phenomenon, hematite nanomaterial which exhibits
the high surface area with specic surface properties was used
as an adsorbent for the model dye by varying certain afore-
mentioned parameters.50–52

Effect of adsorbent dosage. The dye adsorption efficiency
was proportionate to the amount of iron oxide nanoparticles.
Over 70% adsorption efficiency was obtained with 2.0000 g
(�0.0001) of adsorbent dosage even at elevated dye concen-
tration of 5000 ppm, which reveals the high adsorptive
behaviour of the material (Table 1). This behaviour mainly
depends on the zeta potential of the adsorbate. When
considering the zeta potential values, the surface of the IONP
is negative which can interact with the positive sites of the dye
molecules which depicts the attraction of the adsorbate into
the adsorbent via electrostatic interactions.53 This favourable
combination of charges leads to higher adsorption percentage
and high adsorption rate.

Adsorption isotherm models. The study of the adsorption
isotherm models explains the mechanism of adsorption of dye
on the IONp surface. Hence, two widely used adsorptionmodels
were used in the present study. The Langmuir isotherm model
is based on the assumptions that maximum adsorption occurs
as a monolayer coverage on the surface containing a nite
number of active sites without any interactions between
adsorbate molecules. The surface reaches a saturation point
which gives maximum adsorption when the sites are lled. In
here, the adsorption energy is distributed homogeneously over
the coverage surface.

Whereas, the Freundlich isothermmodel is considered as an
empirical model. It describes the surface heterogeneity of the
dye sorbent and heterogeneous energy distribution of surface
active sites which yield multilayer adsorption due to the inter-
action between the adsorbed molecules. Fig. 7 indicates the
linear plots of Langmuir and Freundlich isothermmodels of the
IONp with comparison to raw laterite and calcined laterite.
Table 2 Adsorption isotherm constants for the adsorption of
SAB_NBF dye on to the iron oxide nanoparticle at 25 �C

Langmuir adsorption isotherm constants

R2
Qm (mg
g�1)

KL � 104 (L
mg�1)

RL ¼ 1/(1 +
C0KL)

Raw laterite 0.99195 108.58 6.72 (0.13–0.60)
Calcined
laterite

0.98050 161.29 5.82 (0.15–0.63)

IONp 0.96664 384.62 5.53 (0.15–0.64)

Freundlich adsorption isotherm constants

R2 n KF (L g�1)

Raw laterite 0.97837 2.94 4.31
Calcined laterite 0.95058 2.62 4.32
IONp 0.99508 2.23 5.82

This journal is © The Royal Society of Chemistry 2019
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Table 3 Comparison of the monolayer adsorption capacities obtained for acid dyes, with available literature

Adsorbate dye Qm (mg g�1) Adsorbent Ref.

Rhodamine B 89.3 SDS modied molecular seeds supported by Fe2O3 55
Acid violet 19 0.99 Polyaniline–Fe2O3 56
Acid red 16.31 g-Fe2O3 nanoparticles (50 nm) 57
Anthraquinone blue 25.70 Fe2O3 powder 58
Methyl orange 34.29 Fe2O3/SiO2/chitosan composite 59
Congo red 200.8 g-Fe2O3 nanoparticles 60
Alizarin red S 108.69 Carbon/g-Fe2O3 61
SAB-NBF 108.58 Raw laterite Current study
SAB-NBF 161.29 Calcined laterite
SAB-NBF 384.62 IONp
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The parameters derived from the adsorption isotherms
indicate the details of the adsorption mechanism of the SAB-
NBF dye and the properties of the surface. The adsorption
isotherm model constants and correlation coefficients for
isotherm models are shown in Table 2.

The maximum monolayer capacity for IONp of the surface
was recorded as 384.62 mg g�1 while the Langmuir constant was
5.53 � 10�4 L mg�1 (Fig. 7e/Table 2).

The dimensionless equilibrium parameter RL represents the
favourability of the adsorption. The RL ¼ 0 indicate the
adsorption is irreversible, the range of 0 > RL > 1 indicate the
favourable adsorption if RL¼ 1, the adsorption is linear and RL >
1 is unfavourable adsorption. The RL values calculated from the
Langmuir isotherm indicate the favourable dye adsorption of
the material. When comparing to raw laterite and calcined
laterites, both of which behave more or less the same way, the
adsorption behaviour is' elevated when it comes to IONp. The
monolayer adsorption capacity (Qm) is as low as 108.58 and
161.29 for raw laterites and calcined laterites respectively.

When considering the parameters calculated by the
Freundlich isotherm for IONp (Fig. 7f), the constant corre-
sponding to the adsorption capacity KF was given as 5.82 L g�1.
The n value (heterogeneity factor) obtained from the slope of the
isotherm explained the surface heterogeneity and the adsorp-
tion intensity.53,54 At the constant temperature and constant
adsorbent dosage the n value (2.23) should be higher than one,
upon which the adsorption is favourable.53 As for the control
experiments the values are lower than the IONp and again
proves that the prepared material is superior in adsorption
behaviour.

When comparing the value of the regression coefficient R2 of
the above linear plots for SAB-NBF dye adsorption on the IONp
surface suggest that, Freundlich adsorption isotherm has
higher R2 (0.99508) and can be considered as best tting model.
And for raw laterite and calcined laterites R2 value is higher in
Langmuir isotherm model than the Freundlich model. Hence
the best tting model for those materials can be dened as
Langmuir isotherm model.

The increment of the adsorption property of IONp than the
raw materials depends upon several factors. Firstly, the nano-
particles have high surface area per a unit volume than the raw
materials, hence the number of adsorption sites are higher and
This journal is © The Royal Society of Chemistry 2019
probability of an adsorbent molecule to meet an adsorbent site
is very high. Also when considering the raw materials, they
consists of several mineral phases which have different surface
charges and adsorption capabilities. When one site is attracting
the adsorbent, another site might repel it.

However detailed studies are needed to predict the actual
adsorption behaviours of different mineral phases when in
a rock mass. Also as shown in Fig. 7 and Table 2, the adsorption
capacity has increased slightly when the laterite is calcined.
This is because of the transformation of hydrated mineral
phases in to oxide state.

Not only this IONp material is better adsorbent than raw
materials, it is also a better competitive material when it comes
to other studies on acid dyes as well. According to Table 2; the
monolayer adsorption capacity Qm of this material is 384.62 mg
g�1. Compared to the values given in literature (Table 3) this
material has a superior adsorption capacity. Hence the material
requirement for a possible waste treatment plant will be very
small amount and the cost of materials production will be very
low as the method suggests.
Conclusions

An alternative facile and economical synthesis route was
devised to produce hematite nanoparticles from laterite rock/
deposits which consists of digestion of the rock using acid to
leach the iron into the solution as Fe3+ ions and synthesizing
the nanoparticles of iron oxide by the aid of OH� groups
released when the urea is decomposed, followed by calcination.
The SEM studies showed that the morphology of the nano-
particles are near-spherical and the average diameter is 35 nm.
Also the method consumes minimum energy and minimum
wastage of material in producing these nanomaterials. The
synthesized hematite nanoparticles showed superior adsorp-
tion efficiency for SAB-NBF dyes. For instance, even at 5000 ppm
dye concentration level the adsorption efficiency of nano-
particles deemed to be remarkable (up to 70% of adsorption
percentage and 384.62 mg g�1 monolayer adsorption capacity).
The adsorption mechanism was well described by the Freund-
lich isotherm than the Langmuir isotherm. These ndings
indicates that the synthesised hematite nanoparticles are
RSC Adv., 2019, 9, 21249–21257 | 21255
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a promising adsorbate material to treat industrial acid dye
effluents using low cost naturally available mineral resources.
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