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Abstract

Background: Ferric oxide (hematite, Fe;Os) nanoparticles were developed under laboratory conditions by co-
precipitation method for the adsorption of copper from the metal industry wastewaters. The characteristics of
the synthesized nanoparticles were assessed using fourier transform infrared spectroscopy (FTIR), X-ray
difraction (XRD), field emission scanning electron microscope (FESEM) and energy-dispersive X-ray (EDX)
analyses.

Results: Batch adsorption experiments were performed by adjusting the pH (3.0, 7.0 and 9.0), the contact time
(10 min, 20 min and 30 min), stirring speed (5000 1/sn, 10000 1/sn and 20000 1/sn), and Fe;Os concentration
(2 mg/1, 5 mg/l and 10 mg/1). The magnetic nanoparticle showed an excellent performance in removing copper.
Conclusion: For maximum copper removal (98%), 10 min of the optimum pH contact time and 5 mg/l Fe,Os
concentration are among increasing concentration of copper (5 mg/l, 25 mg/l and 30 mg/1), at a stirring speed
of 150 rpm. The recovery yield of Fe;Os nanoparticle was 89% after 2 years.

Keywords: co-precipitation; energy-dispersive Xeray (EDX); field emission scanning electron microscope

(FESEM); fourier transform infrared spectroscopy (FTIR); heavy metal pollution; magnetic nanoparticles

Introduction

The wastewaters should be free of toxic heavy metals,
because of their high toxicity and non-biodegradability.
Ingestion of heavy metals can result in bioaccumulation,
which not only causes health problems in animals and
humans, but also contaminates the environment [1,2].
Heavy metals like arsenic, copper, major pollutants of
fresh water reservoirs because of their toxic, non-
biodegradable, and persistent nature. The industrial
growth is the major source of heavy metals introducing
such pollutants into different segments of the
environment including air, water, soil, and biosphere.
Heavy metals are easily absorbed by fishes and vegetables
due to their high solubility in the aquatic environments.
Hence, they may accumulate in the human body by means
of the food chain. Various methods have been developed
and used for water and wastewater treatment to decrease
heavy metal concentrations. These technologies include
membrane filtration, ion-exchange, adsorption, chemical

precipitation, nanotechnology treatments,
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electrochemical and advanced oxidation processes. Heavy
metal ions are elements from the fourth period of the
periodic table, mostly chromium (Cr), cobalt (Co), nickel
(N1i), copper (Cu), zinc (Zn), arsenic (As), and sometimes
lead (Pb), mercury (Hg) [3,4]. Heavy metal ions can
naturally be found in the environment, but these days
their concentration is getting high because of increased
industrial wastes [5]. The toxic ions enter the food chain
and then the human body [6,7]. Once they accumulate in
an organ to more than standard limits, they may cause
serious health-related diseases [8]. For example, too much
Zn may cause health problems like skin irritations,
vomiting, and stomach cramps [9,10] high concentration
of Ni bring cancer of lungs and kidney [9,11]. Since
wastewater is the main source of diseases and hinders the
sustainable growth for the human population, it needs to
be treated to degrade the pollutants to less toxic forms
[12,13,14]. Heavy metals remain in the human body
persistently for a long time since they are not
biodegradable. There are three kinds of nanoparticles:
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adsorptive, reactive, and hybrid magnetic. Nano magnetic
oxides (NMOs) are adsorptive nanomaterials. They are
widely used in wastewater treatment systems due to their
high surface area, stability, and the mesoporous structure
[15,16]. The adsorption mechanism is based on the
sequestration of heavy metal ions which leads to deep
removal of heavy metals to reach the maximum
contaminant limits (MCL) [16]. Adsorption efficiency
obviously relies on physicochemical conditions of the
system and the chemical nature of the used absorbent
(17].

Nano zerowvalent iron (nZVI) is another noticeable
nanoparticle used for wastewater treatment and heavy
metal removal. It removes heavy metal ions by using
reactive technologies, which make degradation and
transformation of contaminants into harmless products
possible [16,18]. In situ use of nZVI mostly starts by
injecting it to the wastewater solution. It increases the
ambient pH and decreases the redox potential of the
solution. In addition to the changes applied to the
wastewater after injecting the nZVI, the nZVI particles
themselves undergo a chemical transformation by coating
with natural organic matters in the waste solution [18].
The last kind of nanoparticles are hybrid magnetic
nanoparticles. They are called hybrid because they contain
two or more nanometer-scaled components and magnetic
because at least one component is magnetic [12]. They are
widely used in a variety of applications not only because
of their convenient magnetic properties, low-toxicity, and
low price, but also because they possess a high surface-to-
volume ratio which leads to a high adsorption capacity
and high removal rates of contaminants [17,19]. At
diameters less than 20 nm, these particles have the
maximum surface area and are in the super-magnetic state
at room temperature [20]. Among the magnetic nano-
sized materials, iron oxides like magnetite (Fe;O,) and
maghemite (y-Fe,O;) are the main representatives of
magnetic nanoparticles. [16,19,21]. Surface modification
of magnetic nanoparticles to obtain more stabilized
particles is essential [17,18]. There are various kinds of
materials that can be used to coate magnetic
nanoparticles, like polymer coating materials of lipids,
poly(vinylpyrolidone) (PVP), poly(vinylalcohol) (PVA), etc
[22]. The magnetic nanoparticles can be recovered and
regenerated through a desorption process in a magnetic
field.

Copper heavy metals are the third most widely used
industrial metal, and this heavy metal is considered an
eco-toxicological hazard because of its increasing
accumulation in organisms.”*** A significant amount of
copper metal ions is found in industrial wastewater
[26,27] resulting from cardboard processing, metal
cleaning smelting, paints, pigments, mining, fertilizers,
electroplating baths, petroleum refining rinses for brass,
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wood pulp, printed circuit board production, and etching
[28]. Generally, wastewater from these industries contains
tolerable amounts of copper ions, which diffuse into
habitats through soil and water flow, although these
eventually accumulate in the food chain, posing a serious
threat to human health and causing serious
environmental problems [29,30,31]. Studies have shown
that drinking water containing 30 g of copper ions is
lethal, and the accumulation of 1.3 mg/l of copper ions
can cause diarrhea, abdominal cramps, and nausea,
especially in newborns [32,33]. Copper ions are extremely
toxic even at low concentrations, and the maximum
allowable discharge of polluted copper ions in surface and
well water in the industry is 1 mg/l, while the maximum
allowable copper ion concentration values for drinking
water are 0.2 and 1.2 mg/l, according to the WHO and
EPA standard reports, respectively. Therefore, copper
wastewater must be treated before being discharged into
the environment, to protect human health and the
environment [34,35]. Several methods have been used to
remove copper ions from the effluent of various
industries, including ion exchange, reverse osmosis,
precipitation,  electrolysis,  polymer  flocculants,
biochemical methods, macromolecule organic chelating
agents, adsorption, and membrane filtration [36,37].
However, these heavy metal removal methods have some
major shortcomings, such as high operating costs,
insufficient removal efficiencies, and production of large
amounts of toxic residue (sludge) [38,39]. In contrast, the
adsorption method is more advantageous compared to
other techniques, because of its simple design, zero sludge
environment, low-cost, and high removal efficiency, even
at low heavy metal concentrations [40]. Many adsorbents
can be used to remove copper ions such as activated
carbon, owing to their excellent adsorption properties,
but they have relatively high operating costs [38,41]. As a
result, there is an urgent demand for improved, low-cost,
and high removal efficiency adsorbents for metal ion
removal [42].

Many researchers have used nanoparticles to remove
heavy metals from wastewater, especially iron oxide
(hematite, Fe,O;) nanoparticles, which are commonly
used in laboratories, and are the most stable natural
compound in the Earth’s crust. Furthermore, iron oxides
are promising, low-cost, and environmentally friendly
materials, and can be used for mineralogy, biological
proposals, materials engineering, wastewater treatment,
catalysis, storage, and energy conservation [31,43]. Most
iron oxides are only available in fine powder or ore form,
because of their low hydraulic conductivity and increased
project costs. Thus, it is difficult to use this material alone
as an adsorbent filter. However one technique, which
involves coating iron oxide on the surface of sand, has
been developed to overcome the above-mentioned
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problems [44]. Research on the treatment of wastewater
pollutants with iron oxide coated sand has been well
documented.

In this study, Fe,O; nanoparticles were developed under
laboratory conditions by co-precipitation method for the
adsorption of copper from the metal industry wastewaters.
Batch adsorption experiments were performed by
adjusting the pH (3.0, 7.0 and 9.0), the contact time (10
min, 20 min and 30 min), stirring speed (5000 1/sn,
10000 1/sn and 20000 1/sn), and Fe,O5 concentration (2
mg/l, 5 mg/l and 10 mg/1). The characteristics of the
synthesized nanoparticles were assessed using Fourier
transform infrared spectroscopy (FTIR), X-ray difraction
(XRD), Field emission scanning electron microscope
(FESEM) and Energy-dispersive X-ray (EDX) analyses.

Materials and Methods
Preparation of Fe,O; nanoparticles

To prepare Fe,O; nanoparticles, 0.1 M, 0.2 M and 0.3 M
of FeCl; solution was prepared in 200 ml of distilled
water, separately and adjusted to three different pH levels,
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2.00, 6.50, and 9.00, by adding 0.1 M of HCI or NaOH
solution dropwise. These solutions were stirred for 30 min
and rotated for 2 h in a rotary evaporator. The rotation
speed was approximately 30 rpm and the temperature was
approximately 80°C. After 10%-20% of the water
remained.

Analytical methods

pH, COD, TSS, Oil and grease, Fe”, NH,-N, NO,-N, CI*,
Zn"*, S?%, Pb*, TotalCN, Cr”, Total Cr, Cd, Al”, Ni*,
DOC, Cu™, electrical conductivity were monitored

following Standard Methods [45].

Characterization of Fe,Os; nanoparticles

The mineral composition and surface morphology of the
Fe,O; mnanoparticles were characterized by X-ray
diffraction, SEM and EDX analysis. FTIR was also used to
confirm the Fe, deposition on the Fe,O; nanoparticles
and copper during adsorption. Table 1 showed that metal
industry wastewater characterisation values.

Parameters Values
pH 8.0
COD 200 mg/1
Total Suspended solids (TSS) 110 mg/1
Oil and Grease 25 mg/l
Fe” 5 mg/1
NH,N 100 mg/1
NO,N 10 mg/1
Cl? 0.5 mg/1
Zn"* 6 mg/1
S? 2 mg/l
Pb* 5 mg/1
Total CN 2 mg/l
Cr” 1.0 mg/1
Total Cr 2 mg/l
Cd 0.6 mg/1
Al” 3 mg/l
Ni* 5.8 mg/1
Dissolved organic carbon (DOC) 775 mg/1
Cu” 30 mg/1
Electrical conductivity 8.5 ms/cm

Table 1: Metal industry wastewater characterisation values

Batch studies for adsorption
Batch adsorption experiments were conducted for the
adsorption of Cu™® in a 250 ml conical flask, with an
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initial Cu*? concentration of 30 mg/l, at an pH of 6, and
at agitation speed of 200 rpm at 25°C.

All of the experiments were conducted in a 100 ml Cu**

fixed volume, in a 250-ml conical flask, with different
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Fe,O; nanoparticle concentrations (0.1, 0.5, 1.0, 1.5, 2.0,
2.5,3.0, 3.5and 4.0 g), initial pH values (2.0, 3.0, 4.0, 5.0,
6.0, 7.0 and 8.0), and initial Cu** concentrations (10, 30,
50, 100, 150, 200 and 250 mg/1l) and were evaluated for
up to 180 min.

The amount of Cu™* adsorbed into Fe,O3 nanoparticles
was calculated according to Eq. (1):

_ (CO_ Ce) 14
m

qe (1)
Where, Cy (mg/1) is the initial concentration of Cu*?, C.
(mg/) is the concentration of Cu* at equilibrium, m (g)
is the amount of Fe,O; coated sand, and V is the volume
of the solution (100 ml). The removal efficiency, in
percentage (%R) of Cu*?, was calculated by Eq. (2):

%R = % 100 Q)

Results and Discussions
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Effect of pH and Fe” content on the removal of copper

The solubility of the Fe”’ compound regulated by the pH
solution, which showed that Fe** readily precipitated at
low pH values while at alkaline conditions high hydroxyl
ion concentrations cause to precipitate of Fe” as Fe(OH)s.
This precipitate settled down to the bottom and did not
come into contact with the copper. The precipitation of
iron oxide in a solution starts at pH=3.5 as reported by
Morales [46]. Therefore, at this pH value, less iron was
adsorbed to copper and decreased the removal efficiency
of the copper. As a result, less surface area having Fe,O;
nanoparticle reduce the adsorption yield (Table 2). The
Fe” content in the Fe,O; nanoparticle was 80 mg/g with
a copper removal efficiency of 92% at pH=3.00 and at a
constant Fe,O; nanoparticle of 2.0 mg/l. When the Fe"’
content in the Fe,O; nanoparticle was 43 mg/g the copper
yield was 85% at pH=6.7 while the copper yield was 78%
at pH=8.9 at a Fe” content of 38 mg/g.

pH Fe+3 content in the Fe203 Cu+2 removal Fe20O3 nanoparticle
nanoparticle (mg/g) efficiency (%) concentration

3.00 80 92.00 2 mg/l

6.70 43 85.00 2 mg/1

8.90 38 78.00 2 mg/l

Table 2: Effects of pH and Fe” content in the Fe,O; nanoparticle on the copper removal yields

Characterization of Fe;O; nanoparticle
X-ray Analysis

X-ray powder dispersion analysis of the Fe,O;nanoparticle
was performed to determine the crystalline textures. In
Fig. (1a), the XRD analysis showed that the Fe,O;
nanoparticles exhibited very thin peaks indicating the fine
nature and small crystallite size of the iron particles. The
new intensity peaks appeared, increased, as the Fe®
amount increased in the Fe,O; nanoparticle deposited

(Fig. (1b)). At pH=3.0 a number of high-intensity pure

crystal peaks of Fe,O; was detected while, SiO,, FeSiO,
and Fe(OH); were found with a large amount of NaOH.
All detected peaks at hexagonal sructure of Fe,0O;.
Approximately seven peaks was detected at pH= 3.0, while
five peaks at pH=6.5, and four peaks at pH=8.2 tabelled
as at 24.21e, 33.1e, 3570, 39520, 49.57e, 54,30 and
64.4e were detected. These were also listed as (012), (104),
(110), (024), (116), (214), and (118) deflections.
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Figure 1: (a) XRD patterns of the uncoated sand and (b) Fe,O; coated at pH =3.0 (bottom pattern), at pH = 6.5 (middle
pattern) and at pH = 8.2 (upper pattern), respectively.
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FTIR analysis

In Figure 2, the FTIR spectra of the synthesized of Fe,O;
nanoparticle. During the adsorption of copper in the
range of 500-4000 1/cm were used to identify the
chemical bonds and groups in the functional compounds.
The bands at 3500-500 1/cm were assigned to the
stretching vibrations of Si-Si-O or AI-AIOH, since
bending of the hydroxyl group (Fig. (2a)). During
adsorption, all the Fe,O; nanoparticle peak positions
slightly shifted from 1775 to 540 1/cm. The preence of
some new peaks at 3712, 1705, 1452, 1260, and 875
1/cm appeared can be explained by the stretching
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vibrations of the hydroxyl groups on the surface of Fe,O;
nanoparticle.

The specific adsorption bands, from 826 to 553 1/cm,
were also correlated to Fe-O stretching and vibration
bending of the Fe,O; nanoparticle (Fig. (2b)). After the
copper adsorbed on the Fe,Os; the observation of some
new peaks at 2945, 2904, 1492, 1438, and 1356 1/cm
during slight band changes (Fig. (2c)). These bands
corresponded to the aliphatic -CH and -OH, C=C, and
CO stretching vibrations, and indicated that Cu** was
present on the surface of the Fe,O; nanoparticle as
reported by Kuterasinski et al [47].

Transmittance (%)

(2)
(b)
(c)

Acid washed sand
fron oxiie coated snad
After Cu™’ adsorpticon

ps L)
co Fe,0

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber cm’’

Figure 2: (a) FTIR spectrum of the uncoated, (b) Fe,O; coated sand and (c) after Cu* adsorption.

FESEM analysis

The surface morphology, surface texture and basic
physical properties of the Fe,O; nanoparticle and Cu*
adsorbed were evaluated by FESEM analysis. The surface
morphology of the Fe;O; nanoparticle was smooth, and
no other compounds were deposited on the surface.

However, some irregular compounds did nor clearly
showed the deposition of the iron oxide (Fig. 3) After the
adsorption of copper, the surface contained newly formed
cracks and cubes appeared. It is important to note that
copper was successfully adsorbed to the Fe,O;
nanoparticle surface.
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EDX analysis results

EDX analysis results showed the elemental distribution of
the Fe,O; nanoparticle coated with copper (Fig. (4a))
while indicates, the adsorption of copper by Fe,O;
nanoparticle Fig. (4a), a large amount Si-O, was detected;

ISSN:2837-4681

while no individual Fe,O;was found on the surface of the
copper sample. The copper ion peak was observed in the
enlarged area of the Fe,O; nanoparticle surface. This
result thus confirmed the adsorption of copper ions onto

the Fe,O;nanoparticle (Fig. (4b)).

Figure 4: (a) EDX spectra of the uncoated sand, (b) Fe,Os coated sand.

Effect of adsorption time on the copper adsorption
on the Fe;O; nanoparticles

Time is an important factor for wastewater purification
during adsorption. Table 3 showed that the concentration
of copper ions decreased rapidly over time. The removal
efficiency during the first 20 min was very low, but
increased to 95% after 30 min, indicating that time had a
significant impact on the removal efficiency of 18.0 mg/I
copper at constant Fe,O; nanoparticle of 2.0 mg/1. The
adsorption and removal rates of copper increased quickly.

This indicates that the adsorption rate was carried out
quickly. After 40 min, the curve became straight and the
removal rate slowed. This can be explained as follows: At
the beginning of the adsorption enough pores available
on the surface of the Fe;O; nanoparticle to adsorb copper
ions, resulting in initial rapid adsorption. Over time, most
of the pores on the surface became saturated with copper
ions. Therefore, the adsorption of the adsorbent
decreased over time, resulting in a lower adsorption rate.
Consequently, the equilibrium adsorption contact time
was choosen as 30 min.

Adsorption Cu'? removal Removed Cu " adsorption
time (min) efficiency (%) concentration (mg/1)
5 0 0

10 8 1.44

15 9 1.62

20 11 1.98

25 32 5.76

30 95 17.10

40 95 17.10

50 95 17.10

60 95 17.10

70 95 17.10

80 95 17.10

90 95 17.10

100 95 17.10

Table 3: Effect of adsorption time on the 18.0 mg/l initial copper adsorption concentration on the 2.0 mg/l Fe,O;

nanoparticle concentration
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Effect  of Fe,O;

concentration on the adsorption of copper

increasing nanoparticles

As shown in Table 4 the effect Fe,O; nanoparticle
concentration in the metal industry wastewater on copper
removal efficiency and Cu™ adsorption percentage was
found to be in the range of 0.1-7.0 mg/l at 30 min
adsorption time. As the Fe,O; nanoparticle concentration
increased from 0.1 to 2.0 mg/1, the adsorption yield for
Cu'? increased from 56% to 98% This was attributed to
the greater the mass of the adsorbent, as it provided a
larger surface area and therefore provided more available
binding sites to bind to Cu"?, which increased the removal
of Cu” through
nanoparticle. As reported by Pu et al [28], when the Fe,O;

percentage increased of Fe,O;5
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nanoparticle concentration was very high, the adsorption
percentage of Cu'? was very fast, which reduced the Cu"?
concentration in the solution. However, the Cu"
concentration dropped to a low value when the sorption
sites on the Fe,O; nanoparticle coated fully remained
unsaturated. Therefore, the amount of Cu™ per unit mass
declined with increased Cu** concentration. For 30 mg/1
of Cu"?, the maximum adsorption dose of the was 2.50
mg/l Fe,O; nanoparticle and approximately 99.3% of
Cu™ the low

concentration of copper ions in the remaining solution,

was removed. However, owing to
the removal efficiency of Cu™ with more adsorbent
addition was very low, and the removal efficiency of 4.0

mg /1 Fe,O; nanoparticle reached 94%.

Fe,O; nanoparticles Cu"? Cu'? adsorption Remaining Cu* Cu”
concentration adsorption concentration adsorption Adsorption
(mg/1) percentage (%) (mg/1) concentration (mg/1) yield (mg/g)
0.10 56.00 16.80 13.20 0.40
0.50 78.00 23.40 6.60 0.50
1.00 82.60 24.60 5.40 0.60
1.50 90.00 27.00 3.00 0.95
2.00 98.00 29.40 0.60 1.05
2.50 99.30 29.79 0.21 1.30
3.00 99.00 29.70 0.30 1.28
3.50 99.00 29.70 0.30 1.28
4.00 94.00 28.20 1.80 1.08
4.50 94.00 28.20 1.80 1.08
5.00 94.00 28.20 1.80 1.08
7.00 94.00 28.20 1.80 1.08

Table 4: Effect of Fe,O; nanoparticles concentration on the adsorption of copper

Effect of pH on the adsorption of copper on Fe,0;
nanoparticles

The effect of pH was a main variable addecting the metal
surface of nanocomposite. Typically, metal adsorption can
be increased by increasing the pH of the metal
contamination solution. Thus, the pH effect will also vary
according to the type of adsorption material, the behavior
of the solution, and the type of ion adsorption [48]. In this
study, (Table 5) it was shown that variations in pH
significantly affect the adsorption efficiency of copper.
However, only a small amount of metal ions were
removed under alkaline pH=9.0. As the pH value
increased from 4.0 to 9.0, the removal percentage rapidly
decreased from 99.80% to 37%. As the pH value of the
solution was high, the surface hydroxyl groups will
compete with the protons and metal ions during
adsorption, resulting in a low metal adsorption rate, at 30
min adsorption time, at 18 mg/l Cu™* concentration and
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25 mg/l F€203

respectively. However, by increasing the pH value from

at nanoparticle  concentration,
7.0 to 9.0, no significant changes occurred, which
indicated that Cu? was free at pH=9.0. At very high pH
values (6.0-8.0), the removal percentage was very low,
possibly because binding site energy could not be achieved
in a highly alkaline medium. In addition, copper
precipitation may also occur when the pH is higher than

6.0; thus, all adsorption experiments were performed

between pH 4.0-5.0 [49,50].

pH Copper Adsorption yield (%)
4.00 99.80
7.00 76.00
9.00 37.00

Table 5: Effect of pH on the adsorption of copper on
Fe,O; nanoparticle (30 min, 18 mg/1 copper
concentration, 2.5 mg/l Fe;O; nanoparticle

concentration)
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Effect of copper concentrations in metal industry

wastwaeter on the adsorption efficiency

To evaluate the optimum concentration of Cu?, the
sampless taken from the metal industry at different
days were optimized to have copper concentrations
varying between 0.1 and 8.0 mg/l, depending on the
metal industry wastewater to check the maximum
removal efficiency of the 2.3 g of Fe;Os nanoparticle.
In this study, as the Cu"* concentration was increased
from 0.1 mg/l up tp 0.5 mg/l and the removal
percentage and Cu"? and adsorption rates increased,
as shown in Table 6. This phenomenon was

ISSN:2837-4681

explained by the large amount of Cu™, which had
limited active adsorption sites, causing an increase in
Cu™ concentration in the bulk solution. With more
Cu™, it was disadvantageous to have sites involved in
adsorption and thus reduce the removal capacity of
Cu"”. In addition, at a higher Cu™ concentration, the
ratio of the initial number of moles of metal ions
(Cu™) to the available adsorption sites was very high,
resulting in a low Cu* adsorption rate [51]. 4 mg/1
Cu' can be adsorbed with a maximum yied of
99.90%. The maximum Cu* adsorption yield were

99.99% for Cu** concentrations vaying between 0.10
and 3.0 mg/1.

Copper concentration in Cu"? adsorption Maximum
metal industry wastewater yield (%) adsorption (mg/g)
(mg/1)

0.1 99.99 2.00
0.2 99.99 2.00
0.3 99.99 2.00
0.5 99.99 2.00
1.0 99.99 2.00
2.0 99.99 2.00
3.0 99.99 2.00
4.0 99.90 1.99
5.0 99.00 1.90
6.0 98.00 1.80
7.0 97.00 1.70
8.0 97.00 1.70

Table 6: Effect of copper concentrations in metal industry wastwaeter on the adsorption efficiency in the presence of 2.30
mg/| Fe;O; nanoparticle

Adsorption isotherms

Adsorption isotherm studies were carried out to
determine an equation which can be accurately present
the maximum adsorption capacities of the Fe,O;
nanoparticle. The data obtained from the Langmuir and
Freundlich kinetics were plotted to determine the relavant
constants:

Langmuir isotherm results

The Langmuir model is based on the presumption that
the surface monolayer will adsorb homogeneous
substances with a limited number of adsorption sites, and
there is no relationship between the adsorbed substances,
according to the linearized equation of the Langmuir
isotherm model, according to Eq. (3): [52].
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e (3)

de K1.qm dm

Where, q. is the maximum equilibrium adsorption
amount per unit mass of Fe,O; nanoparticle coated
copper (mg/g), C. is the equilibrium concentration of
copper ions (mg/1), q., (mg/g) is the amount of copper
ions adsorbed, and K, (I/mg) is a constant in the
Langmuir model related to the energy of adsorption.

The values were determined from plotting (C./q.) versus
(C) (Fig. 5) and the linear equation, respectively. In
addition, we wused the basic characteristics of the
Langmuir isotherm model to test the suitability of the
Langmuir equation, for copper ion adsorption on the
surface of Fe;O; nanoparticle. Langmuir isotherm results
were determined at Table 7.
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Parameters Values
Temperature | 21°C (ambient conditions)
e 2.89 mg/g

K. 1.78 x 107 1/mg

R? 0.99

Table 7: Langmuir isotherm results
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The Langmuir isotherm model was represented by a non-
dimensional constant called the separation factor R,

and this relationship was expressed by Eq. (4):
1

RL - (4)

1+ K1.Co

N 3 e

C./q.( mg/g)
' i

w

0 10 20 30

C, (mg/l)

50 60 70 80

Figure 5: Langmuir isotherm

Where, Cy (mg/1) is the initial metal ion concentration
and K is the Langmuir constant. In addition, the R
separation factor indicates whether the adsorption is
unfavorable or not, depending on Ry > 1, or is linear if O

<R < 1]25].

Freundlich isotherm results

The Freundlich isotherm is an empirical equation that
elucidates the adsorption process, where adsorbent
surface changes are involved in the multi-layer diffusion

of the adsorbate, and associations between the particles.
This isotherm equation is commonly used to explain
adsorption equilibrium, and the Freundlich isotherm
equation model can according to Eq. (5): [53].

Logq, = logKy + % logC, (5)

Where, K¢ (mg/g) and 1/n are the Freundlich constants
calculated from the slope and intercept of the plot of log
qe vs log C. (Fig. (6)).
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Figure 6: Freundlich isotherm
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As shown in Table 8, if the value n was n > 1, then it
indicated favorable adsorption, but if the n value was n <
1, then it represented poor adsorption [54].
The comparison of Table 7 and Table 8; and also (Fig. 5)
and (Fig. 6) showed that the Langmuir model fit well and
was more suitable than the Freundlich model. In addition,
the R values in the Langmuir model were higher than in
the Freundlich model for all temperatures, indicating that
adsorption was related to monolayer adsorption.
The Ry values v/s initial copper ions concentration at
different temperatures in the Langmuir model were found
to be greater than zero. This indicated that the adsorption
of copper ions to Fe;O; nanoparticle was more favorable.
Boujelben et al [49]. and McKay et al [55] suggested that if
the value of n is in the range of 1-10, then the adsorption
is favorable, the results in this study clearly verified this.

Parameters | Values

Temperature | 21°C (ambient conditions)
K; 0.197

n 1.98

R? 0.976

Table 8: Freundlish isotherm results

Recovery of Fe;O; nanoparticles

High-quality and highly efficient adsorbents require basic
characteristics such as reusability and sufficient response to
the desorption process, which are necessary for adsorbent
regeneration. However, the regeneration and desorption of
raw materials not only reduces the cost of the purification
process for sewage treatment industries but also protects
the environment, as it limits water pollution, decreases
landfill need, is energysaving, and protects natural
habitats. Therefore, desorbing metals in the adsorbent
from the used adsorbent are critical for the continued use
of the adsorbent, recovering precious (valuable)
compounds, and reducing operating wastewater treatment
costs. Some studies have shown that metal ions adsorption
on adsorbents cannot be completely reversed [56].

In this study, six different solutions (HCI, H,SO,,
CH;0O0H, NaOH, distilled water and tap water) were used
for desorption, in an attempt to regenerate Cu* from the
hydrophobic ionizable organic compounds (HIOCs)
surface. The desorption results of the tap water, distilled
water, acetic acid, and NaOH media were all weak. So, HCI
and H,SO, were more effective in recovering Cu™* (60%-
70%) from the surface of the hematite iron oxide coated
sand. Thus, after desorption, the material could be reused
five times. The removal efficiency decreased after each
cycle, although this may be because some copper ions
remained in the pores of HIOCs, or the tiny iron particles
were repeatedly digested due to acid desorption. Thus, the
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results indicated that our prepared adsorbent served as a
good recyclable adsorbent product for copper ion removal
from wastewater, without any critical losses.

Conclusions

When 80 mg/g Fe” content in the Fe,O3; nanoparticles
was with 92% Cu"? yield, at pH=3.0 and at a constant 2.0
mg/l Fe,O; nanoparticles. X-ray analysis; All detected
peaks at hexagonal sructure of Fe,Os. Nearly seven peaks
was detected at pH=3.0, while five peaks at pH=6.5, and
four peaks at pH=8.2 tabelled as at 24.21e, 33.1e, 35.70,
39.52e, 49.570, 54.30 and 64.4e were detected These
were also listed as (012), (104), (110), (024), (116), (214),
and (118) deflections.

The removal efficiency of 18 mg/l Cu™ was measured to
95% after 30 min adsorption time, at constant 2.0 mg/1
Fe,O; nanoparticles. 2.50 mg/l Fe,O; nanoparticles
maximum adsorption dose and = 99.3% Cu'? adsorption
percentage was measured for 29.79 mg/l Cu** adsorption
concentration. As the pH value increased from 4.0 to 9.0,
the removal percentage rapidly decreased from 99.80% to
37%. Cu** precipitation may also occur when the pH > 6.0;
all adsorption experiments were performed between pH
4.0-5.0. 99.99% maximum Cu™* adsorption yield were
found for Cu*? concentrations varying between 0.1 and 3.0
mg/1.

The R’ values in the Langmuir model (R*=0.99) were
higher than in the Freundlich model (R*=0.976) for all
temperatures, indicating that adsorption was related to
monolayer adsorption. The R; values v/s initial Cu™
concentration at different temperatures in the Langmuir
model were found to be greater than zero. This indicated
that the Langmuir isotherm model was more favorable for
the adsorption of Cu** to Fe,O; nanoparticles.

The desorption results of the tap water, distilled water,
acetic acid, and NaOH media were all weak. So, HCI and
H,SO, were more effective in recovering Cu*? (60%-70%)
from the surface of the Fe,Os coated sand. In addition to,
after desorption, the material could be reused five times.
Finally, our prepared adsorbent served as a good recyclable
adsorbent product for Cu’* removal from metal industry
wastewater with the Fe;O; coated sand, without any critical
losses.
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