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ABSTRACT

An international environmental issue is the infiltration of heavy metals into water systems.
Typically, direct industrial discharge pollutes rivers, lakes, and ponds, and these pollutants can
seep into groundwater systems through transport processes. Due to a sharp rise in heavy metals,
the issues now require high attention. The purpose of this experiment is to look into how Cré+ ions
adsorb onto magnetite (Fe,O,) nanoparticles. Magnetic magnetite Fe,O, nanoparticle synthesized by
chemical co-precipitation was characterized using SEM-EDX, XRD, FTIR, zeta potential and sizer. The
synthesized Fe304 nanoparticle was effective in removal of Cr®* from water. The effect of temperature,
pH, contact duration, and adsorbent dosage on Cré adsorption was methodically examined in batch
adsorption studies. At pH 2.0, the maximum amount of Cr®* was removed. Thermodynamic analysis
and adsorption data fit PSO kinetic, depicting the process's endothermic nature and spontaneity.
The Temkin model best-describe Cré+ sorption on nanoparticle. Fe304 nanoparticle show potential
as adsorbent for the removal of metal ions in wastewater and water treatment.

INTRODUCTION

The significance of water for the
environmental system is now well acknowledged
worldwide. The significant environmental burden is
increasing as a result of water pollution and scarcity,
and natural water resources are being lost as a
result of its increasing scarcity in the modern era.'?

The bulk of water on Earth is salty from sea and
ocean, which makes up over 97.0% of water, while
less than 1% of freshwater is easily accessible to
human. According to the WHO, nearly three billion
people will not have access to clean water by 2025,
with more than one-third of them residing in areas
that are water-stressed; by 2050, that number is
expected to rise to two-thirds of the population.®
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Unplanned settlements brought about by the growing
population have increased the amount of wastewater
discharged into rivers and streams without any
previous treatment, lowering the quality of natural
water and contributing to pollution. The last 20 years
have seen the discharge of heavy metal-containing
wastewater, mining activities, power generating
facilities, electroplating industries, metallurgical
industries, and contaminated organic pollutants into
the atmosphere, especially in developing nations.*

Heavy metals, the cyanide complex, and
the complex effluent composition are all present in
considerable amounts in electroplating wastewater.
About 29% of the effluent from the electroplating
business is poisonous or harmful. These harmful
metal ions are present in far greater amounts than
are allowed. Therefore, in order to prevent additional
environmental harm, industry effluents must be
appropriately treated before discharged. Exposure to
electroplating effluent can cause a number of health
problems, including as renal failure, rheumatoid
arthritis, fatigue, insomnia, thyroid dysfunction,
neurological and circulatory system problems,
irritation of the gastrointestinal mucosa, and lung
cancer. Heavy metals including zinc (Zn), nickel (Ni),
iron (Fe), mercury (Hg), chromium (Cr), copper (Cu),
cobalt (Co), arsenic (As), and occasionally lead (Pb)
and cadmium (Cd) are found in effluent from the
electroplating business. Additionally, acids, alkalis,
and toxic CN are also present.

A number of techniques, such as ion
exchange, membrane filtration, electrochemical
processing technologies, ultrafiltration, chemical
precipitation, chemical oxidation, reduction, and
adsorption, have been studied in response to the
need for efficient methods that can remove heavy
metals (HMs).5>¢ Taking into account the benefits and
drawbacks of each of these methods, adsorption
is thought to be the most practical and economical
choice for extracting metals from aqueous solutions
because of its high removal capacit, adaptability in
design and speed of operation, high performance,
and affordability.>” Lastly, even without secondary
contamination from the production of byproducts,
this process is ecological due to its reversibility and
desorption capability.®®

Ferric chloride was chemically reduced
to produce magnetite Fe,O, nanoparticles for the
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present study. The produced nanoparticle was
then examined using SEM-EDS and XRD methods
to determine their structural and morphological
properties. The effects of pH, sorbent dosage,
starting ion concentration, contact duration and
temperature on extraction of hexavalent chromium
was investigated in batch studies. The method and
mechanism of hexavalent chromium adsorption
on magnetite nanoparticle was examined using
isotherm and kinetic investigations. In order
to investigate the spontaneity and viability of
adsorption, thermodynamic parameters were also
determined.

Material and methodology
Materials

Analytical grade-potassium dichromate
(K,Cr,0,), NaBH,, and FeCl,.6H,0 of 98% material
were used. K,Cr,0, was converted into stock solution
of 1000mg/L, 100mg/L, and 50mg/L in deionized
water. The solution’s pH was determined using a pH-
meter and 0.1 N HCl and 0.1 N NaOH were added
to maintain pH of solution. The final concentration
of Cré*ions determined by using Agilent’s 7900 ICP-
MS.

Nanoparticle synthesis

Fe,O, nanoparticles were prepared using
the chemical co-precipitation process. Fe,O, black
precipitates were seen when NaBH, was added to
a solution of FeCl,.6H,O. After being cleaned with
ethanol, the synthesized NPs were calcined for
five hours. However, a variety of characterization
procedures were used to the nanoparticles in order
to verify their composition and structure.

Characterization

The surface characterization of Fe,O,NP
for presence of functional groups was carried out
with the help of FTIR spectroscopy by using Bruker
Alpha model FTIR spectrometer fitted with OPUS
software. The samples were used in powdered form
for FTIR analysis. The spectra were captured in the
400 cm™ to 4000 cm' range. Particle size as well
as zeta potential of nanoparticle was determined
by Zetasizer (Malvera). Surface morphology and
elemental analysis of NP was done using FE-
SEM, 7610F Plus/ JEOL and Energy Dispersive
Spectroscopy. An XRD instrumentation was used
to observe the crystalline structure of the NP in the
wide-angle region (10-80°). When electrons strike
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a solid sample, XRD produces x-rays. By hitting
a crystal structure, distinct x-ray behavior can be
investigated.

Batch study

The purpose of the batch studies was to
examine sorption of Cr®* on nanoparticles at 25 °C;
while agitating at 100rpm. Adsorbent dosage of 15
mg magnetite nanoparticles was added to 50.0 ml
of a 20.0 mg/L chromium stock solution at various pH
values between 2.0 and 9.0 for 30 minutes in order
to determine the equilibrium pH. Every experiment
was carried out in the same way, with all other
parameters held constant while one parameter to
be changed. To find the final concentration of Cré*
ions in solution, ICP-MS was utilized. The following
equation was used to determine the equilibrium
adsorption-capacity (q,) of magnetite nanoparticle:

Adsorption (%) =% x100 .1

_C,-C,xV

m

.2)

q.

Here, q,, C,, C,,V,and mstand for equilibrium
adsorption-capacity in mg g-', adsorbate’s initial
concentration in mg/L, the adsorbate’s equilibrium
concentration in mg/L, adsorbate solution’s volume
in ml, and adsorbent’s mass in mg, respectively.

To investigate the kinetic behavior,
adsorption study conducted at 2.0pH, 25 °C, starting
chromium content of 20mg/L, sorbate dosage of
15mg, and agitation of 100 rpm. The models of PFO
and PSO were employed. Additionally, equilibrium
models of Langmuir, Freundlich and Temkin were
utilized in order to verify equilibrium of Cré* using
the experiment data on the initial concentration of
chromium ion (VI) on the sorption-efficiency. In the
15-45 °C temperature range, metrics such as S°,
He°, and G° were examined.

RESULTS AND DISCUSSION

One analytical method for identifying the
functional-group in a NP and figuring out the particle’s
micro-crystalline nature by using Fourier transform
infrared (FTIR). The Fe-O bond is responsible for
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the three distinctive peaks as shown in Figure 1a,
which are located at 552 cm~', 645cm-', and 990
cm-'. The hydroxyl-group of a water molecules and
ferric hydroxide found in sample are responsible for
band at 1636cm~' and 3410cm-"'. The bands in the
400-650cm™' range are stretching and vibrations
modes of Fe—O bonds. Similar research, band at
425cm~' and 557cm-~' demonstrates Fe-O bonding
of magnetite nanoparticle. The tetrahedral site’s
inherent stretching vibrations were associated with
metal and oxygen band at 557cm-', whereas the
octahedral metal stretching of Fe-O was linked to
metal and oxygen band at 425cm-".101

XRD is a helpful technique for analyzing the
crystalline form of Fe O, NP and their crystalline size.
The XRD pattern revealed a single pure magnetite
phase, which was associated with Bragg peaks
linked to JCPD card numbers 00-006-0694. The two
theta values of 38.56°, 44.37°, 64.51°, and 81.72°
correspond to the XRD unique diffraction peaks

Table 1: Isothermic and kinetics parameter

Langmuir Qm 104.1mg g
B 4.35
R? 0.32
Freundlich N 1.96
Kf(L/g) 5.75
R2 0.82
Temkin BT 0.021
AT 1.37
R2 0.92
PFO ge 1.06
K, 4.83
PSO ge 71.4
K 0.001

2

Table 2: Thermodynamic Parameters
of Cr Adsorption

Parameters Values
AS? 0.091 KJ/mol/K
AH’ 21.00KJ/mol
AG® 288K -5.2KJ/mol
AG® 298K -6.1KJ/mol
AG” 308K -7.2KJ/mol
AG® 318K -7.9KJ/mol




SANJEEVI et al., Orient. J. Chem., Vol. 42(4), 1284-1292 (2026)

1287

Fig. 1: Characterization of adsorbent: (a) FTIR spectra; (b) XRD spectrum, (c) SEM structure,
(d) EDX spectrum, (e) Size distribution and (f) Zeta potential of synthesized iron nanoparticle

of Fe,O, NP synthesized by magnetic stirring (Fig.
1b). These values were clearly linked to Bragg’s
reflections at planes 101, 110, 200, and 211,
respectively. Using Scherrer’s equation, D=k / Cos ,
size of produced Fe @ NPs was estimated and found
to be 18.21 nm. (Equation (1), where D is crystalline
size in nanometers, k is Scherrer’s constant (typically
between 0.9 and 1). The high-intensity peak in the
diffractrogram’s (101) plane was used to achieve
this. This investigation shows that the Fe,O, NP is
crystalline.

For morphological investigation, including
the size and structure of the iron oxide NPs,
FESEM was used. Fig. 1c displays the NPs’
surface texture and form. The FESEM indicates
that the NPs are about spherical. An acceptable
surface for adsorption is indicated by the image’s
clear, asymmetrical particle with protrusions and
shattered edges. The surface’s dot-like forms show
that iron oxide (Fe,O,) is present and that iron
oxide particles have clustered together to create a
significant aggregation. ImageJ program revealed
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that average particle-size of produced nanoparticle
was 15.71 nm. An EDX mapping plot of Fe,O,, as
seen in Fig. 1d depicted that iron made up 66.6% of
the weight, carbon 12.3%, oxygen 16.7%, and gold
4.4%, respectively, the results showed that iron was

present in the synthesized nanoparticles.

The peak at 373 nm in Figure 1e is
represented by the particle size distribution by
intensity. The electrical potential at the surface of
adsorbent particles is shown using zeta potential.
The velocity of the adsorbent particles in the
electrical field is measured in order to examine it.
At neutral pH, the zeta potential of Fe,O, was found
to be -42.1 mV (Fig. 1f). It has been demonstrated
that the stronger the electrostatic repulsion between
the particles, the higher the zeta potential.

Adsorption study

The solution pH provides insight into
the impact of adsorbent functional groups, metal
ion solubility, adsorbate ionization level, and
counter ion concentration during the process.
Because Fe,O, includes Fe?*, hydrolysis product
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Fe(OH),~; Fe(OH),; FeOH* change in response to
pH variations. Aqueous solutions frequently include
several chromium species, including CrO -, Cr,0 %,
HCr,0_-, and HCrO,". As the pH rises, the clearance
of Cré falls. The existence of H* ion or HCrO,~ as
main species at low pH may be the cause of this
behavior because H* ions neutralize OH- groups,
which makes adsorption easier. Because of the
existence of CrO,> and Cr,0_*, the concentration
of OH- species at high pH inhibits diffusion of
dichromate ion and lowers removal percentage as
pH rises. As a result, adsorption was found to be
greatest at pH of 2.0 and lowest at pH of 9.0 (Fig.

2a).

To optimize the metal ion-adsorbent
interaction, the adsorbent dosage was adjusted.
At a constant Cré* ion concentration of 20 mg/L,
treatment duration 90 min, and experimental pH of
2.0, the adsorbent dose (5 mg to 50 mg per 50 ml)
exhibited a rising trend in the removal efficiency of
Cré*. At 5 mg, the Fe @ NP adsorbent demonstrated
85% removal, and at 30 mg, it achieved 95%
equilibrium (Fig. 2b). Because there was more active

Fig. 2: Effect of different parameters on adsorption of Cré*:
(a) Effects of pH, (b) adsorbent dose, (c) contact time and (d) temperature
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site available for sorption on the adsorbent surfaces,
the removal percentage increased as the adsorbent
dose increased. The results show that the adsorption
capacity (q,) declined as the adsorption dosage
rose. It could be because of increased competition
at low adsorbent doses, which leads to increased
adsorption site occupancy, and vice versa at higher
doses.™

The effect of contact time was examined in
order to determine if the competition effect persisted
across the whole adsorption process time range.
Removal efficiency and adsorption capacity were
shown to rise with an increase in the adsorption
process’s contact time. With an increase in duration
from 15 to 120 minutes, the removal effectiveness
of Cr%* by Fe,O, NP increases significantly from
73.12 to 97.59% (Fig. 2c). At 120 minutes, the
highest adsorption capacity was 65.06mg/g. As
the adsorption sites are saturated, no appreciable
adsorption takes place after the stipulated equilibrium
time of 90 minutes. This is because, after time has
passed, all of the adsorption site on sorbent’s surface
have become saturated for adsorption. In beginning,
metal ions easily fill the adsorption sites, but as
time goes on, fewer free sites become available.
The solution’s accumulated non-adsorbed cations
also limit the adsorption capacity.’ As the starting
concentration and contact duration rise, so does the
adsorption capability.®

Adsorption requires a certain amount of
temperature. Experiments were carried out using
optimal dosages for Fe,O,NP at temperature
ranging 15 to 45°C; pH 2.0, 90 minutes of contact
duration, and 20 mg/L of solution. Fig. 2d shows
how temperature affects Cré*, as the temperature
increased, the removal % and capacity (q,)
increased; nonetheless, they saturate at 35°C. The
sorption site with lower and higher activation energy
were occupied at their respective low and high
temperatures. Increased thermal energy at higher
temperatures makes the adsorbate more mobile,
which lowers the adsorption fraction and hence
reduces adsorption.'#15

The Langmuir hypothesis states that a
metal ion adsorbs monolayer at a homogenous
active site over surface of adsorbent, with no
interaction among adsorbed molecules.'® Langmuir
isotherm is shown by a graph between Ce/ge vs.
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Fig. 3: (a) Langmuir; (b) Freundlich; and (c)
Temkin isotherm for Cr6+ adsorption by Fe,O NP

Ce, as seen in Fig. 3a. The value of b and Q_ are
measured using plot’s slope & intercept. Langmuir
constant value is connected with the adsorbents’
surface area and porosity. As surface area and pore
volume increase, so does the adsorption capability.
The adsorption type is shown by value of RL. Based
on the graph displayed in Figure and Table 1, the
correlation coefficient (R?) was 0.32. Because of
the significant discrepancy between the calculated
and projected values, the adsorbent exhibits a very
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Fig. 4: PFO and PSO rate kinetic model.

low correlation coefficient value (R?), suggesting the
unfitness of the Langmuir isotherm. The adsorption
technique is successful at all metal concentrations
studied, as evidenced by the separation factor (RL),
which is 0.011 and falls within the range 0<RL>1.

The Freundlich model states that
interactions took place between the adsorbed
molecules as they formed many layers on the
adsorbents’ heterogeneous surfaces. The adsorption
of Cré* ions on this adsorbent is more favorable, as
indicated by the greater positive value (1.96) of n.
The slope and intercept values were computed using
the graph (Fig. 3b). The Freundlich isotherm favors
Fe,O,NP, as evidenced by its correlation coefficients
(R?) of 0.82, respectively (Table 1). The study’s
findings showed that, in contrast to the Langmuir
isotherm, the adsorbent obeys the Freundlich
isotherm. The Temkin model was proposed by
Temkin and Pyzhev."” This model states that as
surface coverage increases, the temperatures of
adsorption of all molecules fall linearly. The impact
of indirect adsorbate/adsorbent interactions on the
adsorption process is also taken into account by
the Temkin isotherm model. The Temkin plot was
shown using q, versus In C, (Fig. 3c). Slope and
intercept were used to get the values of B, and A,
respectively. When the BT value is less than 20 KJ/
mol, physisorption is present. The Temkin constant
(B;), which favors physisorption, is 0.021 kJ/mol
Fe,O,NP (Table 1).

In order to ensure effectiveness of an
adsorbent in Cr® ion removal process, the rate of
a reaction must be ascertained. The experimental
data was analyzed using the linear equations
for PFO and PSO. Table-1 provides a summary

of parameters, Fig. 4 shows the findings. The
physisorption mechanism, in which the adsorbents
interacted with Cré* by the use of intermolecular or
van der Waals forces of contact, was supported by
PFO.™ Chromium and functional groups of adsorbent
generated chemical interactions during the removal
aided by Fe,O,NP, which followed pseudo-second-
order kinetics aiding the chemisorption process.
The calculated and experimental ge values were
contrasted. The g, value of Fe,O,NP was found
to be quite similar to the value determined using
the PSO model. Fe,O,NP shows is a superior and
more promising nanosorbent by providing greater
surface area and sorption sites due to its increased
porosity. 1920

The spontaneity of sorption process is
shown by a negative values of G°. Figure 5 makes
it clear that G° is negative for the heavy metal’s
adsorption on produced Fe,O,NP. Therefore, the
heavy metal under study adsorbs spontaneously

Fig. 5: Thermodynamic study of Cré* adsorption
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on Fe,O,NP. Adsorption study is endo-thermic, as
indicated by positive value of H°. It indicates that
more energy is used by the adsorption system than
is released. The adsorbent/adsorptive interface’s
enhanced unpredictability is shown by positive
values of S°.2

CONCLUSION

Fe,O, NP was tested for removing Cré
from synthetic solutions. The purpose of the batch
research was to optimise different parameter. At pH
2.0, 20mg/L of metal concentration, 90 minutes,
and 25 °C, the best elimination was observed. The
NP has a greater capability for adsorption. The
crystalline size of the nanoparticles was 18.21
nm, and the XRD pattern showed a single pure
rhombohedral hematite phase. The asymmetrical
particle with protrusions and broken edges is seen
in SEM investigation. The FTIR data demonstrated
that the adsorption process involves both carboxylic
and hydroxyl groups, as well as the presence of
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a water molecule’s or ferric hydroxide’s hydroxyl
group. The stability of the generated nanoparticles
is confirmed by zeta potential, and the nanoparticles
are visible in the nanometer range by zeta sizer.
The adsorption data and the Freundlich isotherm
suited each other well, suggesting that adsorption
surface was heterogeneous and that multilayer had
developed there. The adsorption results suit the
PSO kinetics better. The thermodynamic analysis
demonstrated that Cr®* adsorption was endothermic
and spontaneous. It was determined that adsorbents
are thought to be more effective in removing Cr¢*,
and they can also be used for removal other heavy
metal ions.
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