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ARTICLE INFO ABSTRACT
Keywords: Water treatment and reuse can avail more clean and safe water for human use. In this study, iron
Steel pickling waste powder oxide waste powder generated from the steel pickling process was used to develop iron oxide

Nanoparticle synthesis

Iron oxide nanoparticles

Heavy metals

Industrial wastewater treatment

nanoparticles (IONPs) using solution gelation synthesis process. The powder and developed
IONPs were characterized by X-ray fluorescence and diffraction (XRF, XRD), scanning electron
microscopy, Fourier-transform infrared spectroscopy, and Brunauer-Emmett-Teller (BET) ana-
lyses. Adsorption experiments were carried out on synthetic water with lead and chromium metal
ions. The adsorption data were analysed with Langmuir and Freundlich models. Adsorption ki-
netics were also analysed with Pseudo-First-Order and Pseudo-Second-Order models using non-
linear regression. The synthesized IONPs were porous with active surface functional groups of
hydroxyl bonds, with BET specific surface area of 325.02 m?/g. XRD results confirmed the cubic
spinel structure of IONPs with particle sizes of 20-30 nm. The nanoparticles at a dosage of 0.35 g
in 10 mL for 50 min effectively removed Pb(II) and Cr(VI) metal ions up to 99.9% from both
synthetic water and industrial wastewater. The adsorption capacity (qmax) of IONPs was found to
be 417 and 326.80 for Pb(II) and Cr(VI) respectively. Freundlich isotherm model data fitted best
for the removal of both metal ions. The regression values for kinetic models confirmed that
pseudo-second-order best fit the adsorption of both Pb(II) and Cr(VI) confirming chemisorption
processes. This study contributes to elucidating alternative application of pickling waste from the
steel rolling mills for the benefit of heavy metal removal in industrial wastewater.

1. Introduction

Lead and chromium are well-known heavy metals that pose significant threats to human health and the environment due to their
toxicity and persistence in various industrial process waste streams [1]. Lead (Pb) is a highly toxic metal that can cause severe health
effects, particularly in children, even at low exposure levels [2]. The maximum allowable concentration of Pb?>* in water effluents as
set by international and most country-based bodies is 10 pg/L. Nevertheless, a stricter limit of 5 pg/L is proposed by World Health
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Organization [3]. Ecosystems near point sources of lead exhibit a wide range of adverse effects including losses in biodiversity, changes
in community composition, decreased growth and reproductive rates in plants and animals, and neurological effects in vertebrates [4].
Chromium (Cr) exists in several oxidation states, with hexavalent chromium (Cr(VI)) being the most toxic and carcinogenic form. It is
commonly found in industrial effluents and is associated with serious health risks, including respiratory and gastrointestinal disorders,
as well as liver and kidney damage [5].

Efforts to mitigate the harmful effects of lead and chromium contamination have been ongoing for many years. Various approaches
have been employed to remove these heavy metals from contaminated water and wastewater, including precipitation, coagulation-
flocculation, ion exchange, reverse osmosis, and activated carbon adsorption [6]. While these methods have shown varying degrees
of effectiveness, they often suffer from certain drawbacks. Precipitation and coagulation-flocculation techniques generate large vol-
umes of sludge, which require further treatment and disposal [7]. Ion exchange and reverse osmosis are energy-intensive processes and
may not be economically viable for large-scale applications [8]. Activated carbon adsorption, although widely used, can be expensive
and requires frequent regeneration or replacement [9].

In recent years, the emergence of nano-adsorbents as promising materials for heavy metal removal has garnered significant
attention [10]. Nano-adsorbents offer unique properties, such as large specific surface area, high reactivity, and tuneable surface
chemistry, which make them highly efficient in adsorbing heavy metal ions from aqueous solutions [11]. Among the various types of
nano-adsorbents, iron oxide nanoparticles (IONPs) have shown great potential due to their excellent adsorption capacities and ease of
synthesis [12]. IONPs offer a high surface area, regenerability, rapid removal rate, selective binding, scalability, and compatibility
which makes them advantageous for heavy metal removal [13]. Several studies have explored the use of IONPs for the removal of lead
and chromium from contaminated water sources. For instance, Mahanty et al. [14] demonstrated the successful application of IONPs in
removing lead ions from industrial wastewater, achieving a removal efficiency of over 90%. Similarly, Chatterjee et al. [15] inves-
tigated the adsorption behaviour of chromium on IONPs and reported a reduction in Cr(VI) concentration of up to >99%, highlighting
the effectiveness of IONPs in chromium removal.

The synthesis of IONPs can be achieved through various approaches, including chemical precipitation, sol-gel methods, hydro-
thermal synthesis, and thermal decomposition. These methods offer control over the size, morphology, and surface properties of the
nanoparticles, allowing optimization for specific adsorption applications [16]. However, the production of IONPs using conventional
approaches often involves the use of expensive chemical precursors, high-energy requirements, and complex synthesis procedures,
which can limit their scalability and practicality [17].

To address the limitations of conventional approaches, alternative methods for IONP synthesis have gained attention, particularly
those utilizing steel waste materials. Steel waste materials, such as steel slag or steel industry by-products, present a cost-effective and
sustainable source of iron for IONP synthesis. These waste materials contain high amounts of iron oxide, which can be extracted and
used as a precursor for generation of IONPs [18]. By repurposing steel waste materials, the production of IONPs becomes economically
viable, environmentally friendly, and contributes to the circular economy. Amongst the common steel waste-based materials is iron
oxide powder, which is generated from steel pickling processes in steel companies. This waste powder is generated in large quantities
and thus require a large storage area. For example, Roofings Rolling Mills, a major steel processing company in Uganda, alone gen-
erates about 800 metric tons of iron oxide waste annually [19]. This oxide is usually stockpiled and/or landfilled as a solid waste, and
due to its high acidity content, it poses a threat to the environment [20]. Additionally, the oxide has a potential to leach heavy metals,
such as lead or chromium, from other waste materials present in the landfills. Given the nature of this oxide waste (over 70% purity in
form of a-Fe203), it can be used as a precursor to generate IONPs for removal of pollutants from water [18]. However, studies that
have utilized steel waste materials for generation of IONPs for remediation of heavy metal ions have mainly focused on mill scale
[21-23], steel pickling liquor [24-26], iron sludge [27], and direct iron reduction sludge [28]. There is a dearth of studies on the
utilization of iron oxide waste powder for synthesis of IONPs suitable for adsorption of heavy metals. The novelty of this work lies in
demonstrating the suitability of iron oxide powder generated from steel pickling process for synthesis of IONPs. This work also reveals
the adsorption capacity for selected heavy metals by the generated IONPs. The attributes of iron oxide waste-derived iron oxide
nanoparticles make them attractive for use in various fields, including biomedicine, environmental remediation, catalysis, and energy
storage. The high abundance of iron oxide waste powder, cost effectiveness, reduced chemical usage, biocompatibility, magnetic
properties, control over nanoparticle properties and scalability contribute to their advantages over conventional sources in the pro-
duction of IONPs.

2. Materials and methods
2.1. Material collection and preparation

Iron oxide waste powder (IOWP) was sourced from Roofings Rolling Mills Limited, Namanve Industrial Area, Mukono District (0°
20' 27'N, 32° 41’ 56"E) which is the largest steel milling company in Uganda. The IOWP was then stored in a clean polythene bag to
avoid contamination from the environment. Hydrochloric acid (35% extra pure), Ammonia hydroxide solution (30% extra pure,
specific gravity 0.89) and ferrous chloride (Hydrated 98% extra pure) used were of analytical grade and were used as received without
any further purification and were obtained from Perkins Laboratory, Kampala, Uganda.

2.2. Synthesis of iron oxide nanoparticles

A solution gelation procedure similar to the one derived by Matijevic and Scheiner [29] was used to produce iron oxide
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nanoparticles from the powders. All glassware used in the synthesis was washed with 2% nitric acid followed by rinsing with double
distilled water to remove any traces of organic or inorganic contamination before being used in experimentation. Ammonia solution
was prepared in varying concentrations of 2.5, 5, 10, and 15% to be used as a precipitate. Hydrochloric acid of 8 M concentration was
prepared in quantities of 100 mL. Ten (10) grams of IOWP were dissolved in 100 mL HCI acid. The resultant solution was heated at
80 °C for 2 h under constant agitation at 250 rpm. 5g of ferrous chloride were dissolved in 100 mL of deionized water. The IOWP-HCl
solution was then mixed with the ferrous chloride solution, and thoroughly stirred for 1 h at room temperature to make 200 mL of final
solution. Ammonia Solution of different concentrations was added to the 200 mL solution dropwise under magnetic stirring at 250 rpm
until a black slurry was formed. The resulting slurry was continuously washed with deionized water until a neutral pH of 7 was
reached. The resulting black slurry were the iron oxide nanoparticles. Thereafter, the iron oxide nanoparticles (IONPs) were filtered
out using a Whatman 41 filter paper, dried at 90 °C for 2 h in an oven, and later calcined at 300 °C for 2 h. The IONPs were later stored
in a moisture-free environment.

2.3. Characterization of the iron oxide waste powder and iron oxide nanoparticles

2.3.1. Chemical composition and Particle size distribution

X-ray fluorescence (XRF) was used to determine the chemical composition of the IOWP. This was done using test methods: US EAS
148-2:2017. Particle size distribution was done to determine the size and range of particles present in the IOWP using the sieve
analysis method. A Zetasizer was used to analyze the average particle size of the iron oxide nanoparticles. The hydrodynamic diameter
of aqueous suspensions of iron oxide nanoparticles was measured by Multi-Angle Dynamic Light Scattering (MADLS) with a Malvern
Zetasizer Ultra Blue Instrument using a laser (He-Ne) wavelength of 633 nm and a scattering angle of 173°. The temperature mea-
surement was fixed at 25 °C. The viscosity and the refractive index of water were set to 0.8872 cp and 1.33, respectively. For IONPs, the
refractive index was set to 2.008. The hydrodynamic diameter was calculated from the average of three measurements.

2.3.2. Morphology

Scanning electron microscopy (SEM) with a SEM Zeiss sigma 300 was used to analyze the morphology of IOWP and IONPs. The
sample was adhesively bonded to the sample stub using carbon tape and then coated with a 2 nm layer of chromium. The sample stub
containing the sample was inserted in the SEM sample compartment to start the capturing of the SEM images at a 10 kV acceleration
voltage.

2.3.3. Fourier transform infrared (FTIR) spectroscopy

FTIR was used to study the surface interaction of the IOWP and the synthesized IONPs with other molecules involved in the
synthesis and stabilization of the nanoparticles. The FT-IR spectra were collected with a spectrometer in the range of 4000-400 cm .
The Compact FT-IR Spectrometer (Alpha II) was used. Origin Software 2019b was used to plot graphs.

2.3.4. Surface area and mean pore diameter determination

The BET surface area and mean pore diameter of the IOWP and iron oxide nanoparticles samples were determined from nitrogen
adsorption-desorption isotherm using the Brunauer-Emmett-Teller (BET) method. Before measuring nitrogen gas adsorption, the
samples were vacuum degassed for at least 2 h to remove any adsorbed species in the sample pores. Adsorption-desorption of the
samples was thereafter done by Ny adsorption at 77 K.

2.3.5. X-ray diffraction

X-ray diffraction was used to extract structural information of the crystal lattice of the nanoparticles. The material was irradiated
with incident X-rays and then the intensities and scattering angles of the X-rays that leave the material were measured. The intensity of
the scattered X-rays was plotted as a function of the scattering angle. The structure of the material was determined from the analysis of
the location in angle, and the intensities of scattered intensity peaks with help of X’pert Software.

2.4. Water treatment

2.4.1. Wastewater Collection

The wastewater sample was obtained from Global Paints Factory, Uganda whose effluent is highly expected to be contaminated
with heavy metals. Samples were picked on three different sampling occasions at intervals of one week. The collected samples were
stored in a cool box at approximately 4 °C to prevent any biological activity that could affect the analysis results. The samples were
then characterized from the Government Analytical Laboratory in Wandegeya, Kampala-Uganda and the Public Health and Envi-
ronmental Engineering Laboratory, Department of Civil and Environmental Engineering, Makerere University. The effluent was
characterized for copper, lead, chromium, and zinc contamination levels using the Agilent 200 series AA Atomic absorption spec-
trometer with hollow cathode lamps at respective wavelengths as radiation sources. Additionally, other characteristics of effluent such
as Total Organic Carbon, pH, Total Alkalinity, turbidity, apparent color, and Electrical conductivity were determined to find out their
compliance with effluent discharge standards. The Palintest Photometer Bluetooth 7500 was used to measure total alkalinity and a
Hach DR/890 colorimeter was used to measure turbidity and apparent color. Hach HQ30d rugged multi-meter was used to measure
electrical conductivity.
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2.4.2. Preparation of synthetic wastewater

Synthetic wastewater samples were prepared by mixing standard heavy metal solutions of Lead nitrate Pb(NO3).4H2O and
Chromium salt solutions. Stock solutions of these heavy metal solutions were prepared in concentrations of 1 ppm and 0.5 ppm. The
chosen ranges of concentration of heavy metal ions reflect typical levels of lead and chromium ions found in the environmental
samples used in this study. By selecting concentrations within the observed range, this helped mimic real-world conditions and create
synthetic wastewater that closely resembled the environmental conditions under study.
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Fig. 1. IOWP (a), Particle size distribution of IOWP (b), Scanning electron micrograph of IOWP (c), FT-IR Spectra for IOWP (d), IOWP N,
Desorption/Adsorption Isothermals at 77 K (e) (i) and pore size distribution (e) (ii).
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2.4.3. Adsorption experiments procedure

Batch experiments were conducted to investigate the influence of contact time and initial concentration on metal ions by the iron
oxide nanoparticles. An aqueous solution of synthetic wastewater containing Lead (1 ppm) and Chromium (0.5 ppm) metal ions was
used to determine the best treatment conditions from the batch experiments. The best conditions, including time and dosage of the
nanoparticles that successfully removed the heavy metals in the synthetic wastewater, were then applied to the environmental
wastewater sample obtained from Global Paints Factory. To minimize changes in all other variables except the one being tested,
control experiments were also performed alongside the batch experiments. The control experiment was the wastewater without iron
oxide nanoparticles. Adsorbent dosages of 0.1 g and 0.35 g were chosen based on previous studies [30]. By choosing these different
dosages, a dosage that achieves the maximum adsorption capacity or efficiency was identified. To observe the equilibrium behaviour of
the adsorption process, the lower dosage of 0.1 g was used to assess the adsorption capacity at the early stages of the process, where the
adsorbent is not yet saturated. Higher dosage of 0.35 g was chosen to investigate at near saturation.

Centrifuge tubes containing 0.1g, 0.35 g of adsorbent, and 10 mL of synthetic water at pH 7.1 were placed on an orbital shaker at
room temperature (25 °C). The speed of the orbital shaker was set to 250 rpm. At intervals of 5, 10, 20, 30, 40, 50 min, and 1, 5, 10, 24,
and 30 h, the magnetic adsorbent was separated from the solutions using a permanent magnet. This was done for all the different
concentrations of synthetic wastewater for both lead and chromium. The initial and final metal ions concentrations were determined
using the Agilent 200 series AA Atomic absorption spectrometer with hollow cathode lamps at respective wavelengths as radiation
sources. An air acetylene flame was used for determination of lead and chromium ions. Calibration curves for both metals were
constructed, and their respective absorbance values were obtained in graphical form as concentration versus absorbance.

The removal efficiency of metal ions adsorbed onto the magnetic adsorbent was calculated according to Equation (1):

Removal efficiency (%) = (C{)C_o Ct) x 100 1
Where C, and C; (mg/L) are initial concentrations and the concentration of heavy metal ions at any time t, respectively.
3. Results and discussion
3.1. Physicochemical properties of iron oxide waste powder

3.1.1. Chemical composition

The IOWP was a red-brown powder (Fig. 1(a)) and was insoluble in water. XRF analysis revealed that iron (III) oxide was the major
compound contributing 97.23% of the total mass of the waste as indicated in Table 1. The high percentage of iron (III) oxide indicates
the presence of minimal impurities in the red oxide. The red oxide, therefore, did not require any further purification.

3.1.2. Particle size distribution

Using the sieve analysis method, the particle size distribution of as received-iron oxide waste powder is shown in Table 2 and Fig. 1
(b).

After grading, the particle size D10 was obtained as 163.0 pm whereas D60 was 274.9 pm (Figs. 4-2). D10, D30 and D60 represent
the particle size below which 10%, 30% and 60% of the particles in the sample are smaller respectively. 30%, of IOWP was finer than
206.2 pm size (D30). The coefficient of uniformity, computed as the ratio of D60 to D10 was 1.687 which implied a uniform mix of
particles [31]. The coefficient of curvature computed by comparing the particle diameters at specific percentiles, namely D10, D30,
and D60, to assess the skewness of the particle size distribution was determined as 0.949. This implied that the IOWP particle sizes did
not have much variation. A properly controlled and homogeneous particle size distribution is important in the synthesis of nano-
particles for adsorption purposes. This is because the nanoparticles’ size and size distribution directly affect their surface area and pore
structure, which are essential for adsorption [32]. A narrow size distribution of the IOWP with a high coefficient of uniformity ensures
that the synthesized nanoparticles have similar size and shape, which leads to a more uniform pore structure and a higher adsorption
capacity. Also, a lower coefficient of curvature (less than 4) suggests a more uniform distribution which minimizes the occurrence of
bigger particle sizes in the synthesized nanoparticles that could limit the adsorption capacity [33].

3.1.3. SEM analysis
Fig. 1(c) shows the SEM imaging of the IOWP. The analysis reveals that the IOWP surface exhibited a heterogeneous structure with
minimal crevices and varying particle sizes and shapes.

3.1.4. FTIR analysis
The FTIR analysis was done on the IOWP to identify the functional groups. Fig. 1(d) shows the bands of the FTIR spectra that were

Table 1
Chemical composition of the iron oxide waste picked from Roofings Steel Mill.
Iron Oxide Compound metal oxide (m/m%)
Fe,03 LOI (Loss on Ignition) SiO, Al,03 CaO MgO
97.23 1.89 0.27 0.11 0.25 0.25
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Table 2
Quantities retained on the different sieves.

Particle size distribution (Sieve analysis)

Sieve aperture (pm) 1000 710 500 355 250 212 180 150 125 90 63
Qty retained (g) 1.2 0.2 1.9 14.3 27.3 19.7 14.8 12.5 3.8 0.4 0

obtained for the IOWP. The spectrum indicated one typical intense peak at 540 cm™*. This is in agreement with other studies [34-37]
which have indicated only a single intense peak for pure hematite usually observed between 463 and 555 cm ™. This band is assigned
to the Fe-O stretching/vibrational band in octahedral sites of hematite [35]. This, therefore confirms that IOWP is Hematite. None-
theless, there were small peaks attained between 1650 and 1500 cm ! (Fig. 1(d)), and these could be ascribed to O-H stretching band
[38] resulting from residual moisture present on the surface of IOWP during sample analysis.

3.1.5. Brunauer-Emmett-Teller (BET) analysis

The BET analysis was done to determine the surface area of IOWP to get information about their adsorption and dissolution
properties. The specific surface area of the IOWP was established as 9.7265 m2/g. Fig. 1 (e) (i) shows the N, adsorption-desorption
isotherms, and Fig. 1(e)(ii) shows the pore size distribution diagrams of the IOWP. Based on IUPAC isotherms classification, Fig. 1
(e) (i) shows that the N adsorption-desorption isotherm of IOWP is of type III having Hs type hysteresis loop. This shape shows that the
adsorbent-adsorbate interaction is weak indicating that the product has a typical macroporous structure. This can be further evidenced
by Fig. 1 (e) (ii), in which the pore size distribution does not have a uniform peak, and keeps on increasing confirming a macroporous
structure that is directly related to a low surface area. Table 3 is a summary of the parameters calculated from nitrogen adsorption-
desorption isotherm for IOWP.

3.2. Physicochemical properties of the iron oxide nanoparticles

3.2.1. FTIR analysis of the synthesized iron oxide nanoparticles

The FTIR analysis was done on the synthesized iron oxide nanoparticles to identify the functional groups. All the samples show
bands near 3400 cm ™! and 1630 cm ™! attributed to O-H stretching and bending, respectively due to physiosorbed water molecules
(Fig. 2(a)). All samples show characteristic peaks at around 580 cm ™! - 600 cm ™, corresponding to the Fe—O stretching vibration mode
and hydroxyl bonds. The presence of hydroxyl groups is an indication of the sample’s exposure to moisture. The origination of two
sharp absorption bands at 468 cm™! and 554 cm™! is due to formation of Fe-O bonds which confirms the formation of iron oxide
crystals [39]. The bands at 425 cm ™!, and 557 cm ™! indicate Fe-O bonds of magnetic nanoparticles similar to the study by Basave-
gowda et al. [40]. The change in the intensity of the peaks at around 3020 cm !, 2340 cm ™! and 1620 cm ! in the graphs is attributed
to different concentrations of ammonium solution. The intensity of the peaks increases with increasing concentration of ammonia
solution which indicates a higher degree of reduction. A study by Maleki et al. [41] concluded that iron oxide nanoparticles with
smaller sizes or different crystal structures are formed when the concentration of the reducing agent is high (above 30%), which might
have an impact on the FTIR spectra.

3.2.2. BET surface area

The BET surface area of the adsorbent material is the surface area of the adsorbent’s unit mass. Since adsorption is a surface re-
action, a high surface area is often regarded as an important property to enhance the adsorption capacity. The adsorption of the
adsorbate increases as the adsorbent’s surface area increases due to generation of a large number of adsorbing sites. The nitrogen
adsorption-desorption isotherms of the synthesized nanoparticles are shown in Fig. 2(b). The obtained graph for (i) and (ii) synthesized
with 2.5% and 5% molar ammonium solution respectively showed the type IV isotherms with type Hs hysteresis loops according to The
Brunauer-Deming-Deming-Teller (BDDT) classification, indicating the presence of mesopores (2-50 nm). The insets in Fig. 2(b) show
the corresponding pore size distributions of the nanoparticles. The pore size distribution shows a high concentration of small pores
with a narrow neck. This also indicates that adsorption occurs mainly in the neck of the pore and is slow to desorb because small pores
with narrow necks have a lower rate of diffusion [42]. In a study by Zhang et al. [43], a type Hs hysteresis loop according to BDDT
classification indicates the presence of mesopores (2-50 nm) with a cylindrical pore mode, as seen in Fig. 2(b) (i) and (ii). The obtained
graph for (iii) and (iv) synthesized with 10% and 15% molar solution respectively did not show any type of isotherm according to
BDDT classification. This can be attributed to complex morphology or surface structure of the nanoparticles that is not well described

Table 3

Parameters calculated from nitrogen adsorption-desorption isotherm for IOWP.
Parameters Iowp
BET surface area 9.7265 mz/g
BJH desorption cumulative surface area of pores between 1.7 and 300 nm diameter 8.3133 m%*/g
Single point total pore volume of pores less than 130.9985 nm and diameter at p/p, 0.98 0.0283 cm®/g
BJH desorption cumulative pore volume of pores between 1.7 and 300 nm diameter 0.0103 cm®/g
Average pore diameter (4V/A by BET) 11.6366 nm
BJH desorption average pore diameter (4V/A) 4.9578 nm




T. Mwebembezi et al.

Transmittace (%)

40(

Transmittance (%)

4000

Quantity Adsorbed (mmol/g)

Quantity Adsorbed (mmol/g)

Fig. 2. (a) FT-IR Spectra of Iron oxide nanoparticles prepared using; 2.5% (i),

2500 2000 1500 1000

Wavenumber (cm™')

00 3500 3000

500

3500 3000 2500 2000

1500
Wavelength (cm™)

1000

500

35
30 | = Adsorption| &
e  Desorption| 3
B °
25 4 —— — . 3
; . (0)) i
204 4 i
i r ’f
15 — :;-
e A e 6
10 ™
o
-
5 - » =
0 4 ‘
0.0 02 0.4 o6 o8 10
Relative Pressure (p/p°)
80— Adsorption|
704 | * Desorption'
. = (iii)
50 ;-
i-
40 .
e == o ®°
30 . o
20 ’ -
20 - -— - -
4 -
0 i
-10 - T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (p/p°®)

@)

Heliyon 10 (2024) e28153

Transmittance (%)

4000

3500

3000

2500 2000 1500 500

Wavelength (ecm™')

1000

Transmittance (%)

4000

(b)

3500

3000

1000

2500 2000 1500
Wavelength (cm™)

¢ 2

&
°
L

M
e
L

Quantity Adsorbed (mmol/g)
5 g

=

Adsorption
Desorption

0.2

T T T
0.4 0.6 0.8

1.0
Relative Pressure (p/p°)
80

- Adsorption‘
= « Desorption
=t L J
E ———
3 A
= ‘ .
= I I T
=
S - .
3 e
< Pace Wateh (A} 4 g - -
z -
£ o €,
z teee..
< -

-20 4
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (p/p°)

5% (ii), 10% (iii), and 15% (iv) ammonia solutions, (b) Ny
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(iv) 15%.

by the standard isotherm models. The surface of iron oxide nanoparticles may include facets, edges, or other characteristics that might
change adsorption energies or site densities and, as a result, alter the behavior of the gas sorption process as a whole [44].

The BET surface area, pore volume, and average diameter as obtained from the nitrogen adsorption-desorption are presented in
Table 4. As the concentration of ammonium solution increased, the surface area was noted to decrease. This is because ammonium ions
react with the iron oxide nanoparticles’ surface during the reduction process using ammonia solution, which results in the removal of
some of the iron oxide atoms from the surface in a process known as etching. Hence, more etching takes place and the surface area of
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the iron oxide nanoparticles decreases with increasing ammonium solution reducing agent concentration [45].

From the results obtained, it was observed that the iron oxide nanoparticles prepared using a 2.5% concentration of ammonium
exhibited better characteristics as compared to other nanoparticles prepared using other ammonium concentrations because of its
greater surface area. For adsorption purposes, a larger surface area increases the number of adsorbing sites which increases efficiency.
In a similar study done by Khanna et al. [46] to remove lead ions in water, a surface area of 171 m?/g was reported and was able to
remove up to 99% of lead ions.

3.2.3. SEM analysis of the synthesized iron oxide nanoparticles

Fig. 3(a) shows the SEM images of the synthesized iron oxide nanoparticles. The images reveal that some particles are agglom-
erated. Agglomerated iron oxide nanoparticles are often observed in the powders obtained by co-precipitation. Additionally, Fig. 3(a)
reveals that the surface of the iron oxide nanoparticles exhibited a heterogeneous structure with numerous pores of various sizes and
shapes. Iron oxide nanoparticles with a heterogeneous structure and numerous pores of various sizes as well as shapes have shown to
be effective in removing contaminants from wastewater [47]. The heterogeneous structure of the IONPs enables the removal of
numerous types of pollutants through a variety of methods, including physical adsorption, chemical adsorption, and electrostatic
interactions. The pores in the IONPs give a large surface area for the adsorption of pollutants. The presence of different pore sizes and
shapes in IONPs allows for the removal of contaminants of different sizes and shapes [12]. The removal of bigger pollutants, such as
bacteria and viruses, may be facilitated by larger pores, whereas the removal of smaller molecules, such as organic compounds, may be
facilitated by smaller pores.

3.2.4. XRD analysis of the synthesized nanoparticles

The XRD data of iron oxide nanoparticles presented in Fig. 3(b) agrees with the standard value of Fe304 (JCPDS file no: 65-3107).
XRD analysis of the particles (Fig. 3(b)) shows well defined Bragg reflection characteristics of Fe304. The data shows intense diffraction
peaks at 20 = 42.51° (400) and minor peaks at 36.17° (311), 39.55° (222), 51.66° (422), 64.41° (440), 68.51° (531) and 75.45° (533)
which confirms the cubic spinel structure of Fe3O4 nanoparticles. The absence of peaks at (104) and (110) plane orientations of the
hematite form of Fe;O3 nanoparticles further confirms the pure crystalline magnetite form of the synthesized Fe3O4 nanoparticles [48].
The crystalline iron oxide nanoparticles have higher adsorption capacities for heavy metals than amorphous iron oxide nanoparticles.
This is because the crystalline structure provides a larger surface area for adsorption and also promotes better interaction between the
nanoparticles and the contaminants [43].

3.2.5. Particle size distribution

The hydrodynamic diameter sizes of the synthesized iron oxide were measured using a Zetasizer. The average particle sizes were
found to be between 20 nm and 30 nm (Fig. 3(c)). This confirmed that the particles prepared were on a nano-scale. According to
Morillo et al. [49], to increase the adsorption capacities, the size of the nanoparticles should be < 100 nm. The size of the nanoparticles
is a significant factor when applied to water treatment.

3.3. Evaluation of the efficacy of developed iron oxide nanoparticles in wastewater treatment

3.3.1. Wastewater analysis

The quality characteristics of the wastewater samples are shown in Table 5 for the different sampling intervals. Also included in the
table are the US EPA regulatory limits [50] and Uganda national effluent discharge standards [51] for the specified measured
parameters.

From Table 5, the concentrations of lead and chromium in the wastewater were above the maximum permissible limit according to
US EPA regulatory limits and Uganda national effluent discharge standards. This means that the concentrations of lead and chromium
metals in the effluent are a great danger to the environment. Other parameters including TOC, turbidity, pH, total alkalinity, apparent
color, and EC were within the permissible limits according to US EPA regulatory limits and Uganda National Standards (Table 5).

3.3.2. Influence of contact time and dosage of iron oxide nanoparticles

3.3.2.1. Lead. The results of adsorption studies conducted as a function of contact time involving Pb at a known concentration of 1
ppm and 0.5 ppm using an adsorbent dosage of 0.1 g and 0.35 g are presented in Fig. 4(a). The graphs suggest that the removal of Pb
ions by the different dosages of the adsorbent occurred in two distinct steps: a relatively rapid phase (first 200 min), followed by an

Table 4
Surface area and their average diameter calculated from nitrogen adsorption-desorption isotherm for graphs A, B, C and D prepared using different
molar ammonium solutions.

Parameters Iron Oxide Nanoparticles

A B C D
BET surface area 325.0212 m%/g 284.8498 m?/g 235.0494 m?/g 233.1666 m>/g
Average pore diameter (4V/A by BET) 13.0736 nm 13.0012 nm 13.5640 nm 15.2310 nm
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Fig. 3. (a) Scanning electron micrograph of Iron oxide nanoparticles at 2 pm (i) and 1 pm (ii), (b) XRD graph of the IONPs, (c) Particle size dis-

tribution of IONPs.

Table 5

Characteristics of the effluent water from Global Paints Factory.

Parameter Sampling times Permissible limits

1 2 3 Mean S.D US EPA NEMA
Pb (mg/L) 0.3 0.42 0.235 0.32 0.094 0.015 0.1
Cr (mg/L) 1.14 0.64 0.125 0.64 0.508 0.1 0.05
TOC (mg/L) 19.9 19.9 19 19.6 0.520 75 50
Turbidity (FAU) 13 15 16 14.67 1.528 50 300
pH 7.1 7.6 7.6 7.43 0.289 6.5-8 5.0-8.5
Total Alkalinity (mg/L) 185 185 145 171.67 23.094 75-200 20-200
Apparent Color (PtCo) 82 99 65 82 17 400 300
EC (ps/cm) 947 982 906 945 31.059 50-1500 1000

increase until the equilibrium was reached. The necessary time to reach the equilibrium was about 300 min. A rapid phase removal was
achieved for both concentrations of Pb ions with a dosage of 0.35 g. This is attributed to an increase in surface area where the

adsorption takes place.
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Fig. 4. Percent removal (%) of; (a) Lead metal versus contact time. 10 mL of aqueous solution (1 ppm and 0.5 ppm) were treated with 0.1g and
0.35g of nanoparticle, (b) Chromium metal versus contact time. 10 mL of aqueous solution (1 ppm and 0.5 ppm) were treated with 0.1 g and 0.35 g
of nanoparticle.

3.3.2.2. Chromium. The results of adsorption studies conducted as a function of contact time involving Cr at a known concentration of
1 ppm and 0.5 ppm using an adsorbent dosage of 0.1 g and 0.35 g are presented in Fig. 4(b). The two graphs suggested that the removal
of Cr ions by the different dosages of the adsorbent occurred at a relatively fast rate (first 50 min). The necessary time to reach the
equilibrium was about 50 min. A rapid phase removal was also achieved for both concentrations of Cr ions with a dosage of 0.35 g. This
is also attributed to an increase in surface area where the adsorption takes place. Compared with the previous studies on lead and
chromium heavy metal adsorption done by Bagbi et al. [52], iron oxide nanoparticles in general show superior Pb and Cr adsorption
capacities. Nanoparticle dosages of 0.35 g showed a higher adsorption capacity at both high and low concentrations of heavy metals.

3.3.3. Adsorption isotherms

3.3.3.1. Langmuir isotherm. The Langmuir isotherm model assumes the formation of a monolayer of metal molecules on the outer
surface of the adsorbent after which no further adsorption takes place on the adsorbent surface. It explains the equilibrium distribution
of metal ions between liquid and solid phases. With the help of Origin Software 2019, linear graphs were constructed as 1/qe versus 1/
Ce.

Qmax Value was calculated from the formula g = Qi"fb'_bc'c. This is the least sorption capacity of the adsorbent (on peak time interval) at
equilibrium after which desorption starts.

The plots of 1/qe versus 1/Ce show that the adsorption of Pb>" and Cr®" gives a straight line which is represented in Fig. 5 (a).
Values of g, and b of the linear equation of Langmuir adsorption isotherm were derived from the slopes and intercepts of the linear
plots of 1/qe versus 1/ce in Fig. 5(a). These values are represented in Table 6. The isotherm was found to be linear in most of the
concentration ranges studies displaying with best linear correlation value R? = 0.9997 for lead when adsorbed to Iron Oxide Nano-
particles (IONPs). Whereas the correlation value was R? = 0.9713 for chromium adsorption to IONPs. Thus, confirming the monolayer
coverage of lead and chromium (pollutants) on the applied sorbents. This means that adsorbates are in contact with the surface layer of
the adsorbent.

3.3.3.2. Freundlich isotherm. The Freundlich isotherm suggests adsorption phenomena occur on heterogeneous surfaces. The
empirical Freundlich isotherm equation, which is based on adsorption on heterogeneous sites, can be derived by supposing a loga-
rithmic decrease in the enthalpy of adsorption with the increase in the number of adsorption sites, despite the Langmuir isotherm’s
assertion that enthalpy of adsorption does not depend on the concentration of metal ions adsorbed.

The mathematical form of the Freundlich equation is given in equation (2) and 3 [53]:

Linearized form:

q. =K. C.'" 2
log g. =log K,-+1/n log C, 3
where K is adsorption capacity (L/mg), and 1/n is adsorption intensity and are both Freundlich constants. These are calculated from
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Fig. 5. (a) Langmuir isotherm plots for adsorption of; Lead (i) and Chromium (ii), (b) Freundlich isotherm plots for adsorption of; Lead (i) and
Chromium (ii).

Table 6
Parameters of isotherm adsorption models for the adsorption of lead metal ions on iron oxide nanoparticles.
Type of isotherm Parameter Pb(ID) Cr(VD)
Langmuir Qmax (Mg/8) 417 326.797
K, (L/mg 0.2840 0.4595
Ry 0.4130 0.3033
R? 0.9997 0.9173
Freundlich K¢ 79.1771 84.5668
1/n 0.5301 0.5700
R? 0.9251 0.9476
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the slope and intercept of graph log q. vs. log Ce as shown in Fig. 5(b). The parameters for the Freundlich model are written down in
Table 6. Comparing the results of regression coefficient values for lead and chromium, we can find the best R? values for lead equal to
0.9251 and on the other hand, the best R? values of chromium are found to be 0.9476 for adsorption on IONPs. This indicates that
adsorbates are adsorbed onto the heterogeneous surface of an adsorbent.

From Table 6, the Langmuir constant Ky, value indicates the extent of interaction between the adsorbate and the surface. If the value
of Ky, is relatively larger it indicates that there is a strong interaction between adsorbate and adsorbent while a smaller value implies a
weak interaction. Similarly, the values of Ry, show how favorable the adsorption process is. Ry, = 0 occurs if Ky, is very large, meaning
that adsorption is too strong and the reaction is irreversible. 0 < Ry, < 1 is the standard case when adsorption occurs normally under the
set conditions. This means favorable adsorption. Ry, > 1 implies unfavorable adsorption. If the denominator of the equation is negative,
then Ry, is negative and this is unfavorable adsorption.

The Freundlich constant K value also indicates Freundlich adsorption capacity. The parameter 1/n is a measure of deviation from
linearity of adsorption between 0 and 1. For 1/n = 1, the adsorption is linear. 1/n < 1 implies physisorption while 1/n > 1 indicates
chemisorption. The more heterogeneous the surface, the closer the 1/n value is to 0. The values of Krand 1/n from Table 6 indicate that
the Freundlich isotherm fits the data better than the Langmuir isotherm. According to Semwal et al. [54], this suggests that the
adsorption is heterogeneous rather than homogeneous. The surfaces of iron oxide nanoparticles are heterogenous as observed from the
SEM analysis. These have different types of active sites with varying affinities for heavy metal ions therefore the Freundlich model
accommodates this heterogeneity by considering multiple layers of adsorption on surfaces with different energies. Heterogeneous
adsorption results in higher adsorption capacities because multiple layers of adsorption can occur on sites with different affinities. This
is advantageous for applications where a high adsorption capacity is desirable. These findings are in agreement with the works of
Stoian et al. [55]. The comparison of the developed nanoparticles with other iron oxide based adsorbents derived from steel wastes
towards removal of the same heavy metal ions is shown in Table 7. The results show that the developed IONPs have better adsorption
capacity, probably due to their high surface area developed from the synthesis process used.

3.3.3.3. Pseudo-first-order kinetics (Langergren’s). Pseudo-first-order kinetic model was applied to study the rate of adsorption of lead
and chromium ions on IONPs at equilibrium. Pseudo-first-order kinetics undergoes a physisorption process [59]. The plot of log(qe-qt)
versus time (t) gives a straight line. K; and q. are determined from the slope and intercept. The plots for pseudo-first-order are shown in
Fig. 6(a). Values of K; and regression coefficient are shown in Table 8 for lead and chromium adsorption by IONPs. Comparing the
values of the regression coefficient, the best values of R? at higher adsorbent doses (0.35 g) of IONPs is 0.9814 for lead adsorption.
Whereas for chromium metal adsorption, the R? value was found to be 0.9907 when adsorbed to 0.35 g of IONPs. These values indicate
that at such a concentration of adsorbent, the process of kinetic adsorption favors physisorption phenomena.

3.3.3.4. Pseudo-second-order kinetics. Pseudo-second-order kinetics follows the chemisorption process. The value of K3 depends on
experimental conditions such as initial concentration. Pseudo-second-order plots t/qt versus time (min) gave a straight line as indi-
cated in Fig. 6(b). The values of ko, qe, and R? are calculated from the plots and represented in Table 7. The linear correlation co-
efficient values R? are higher, at 0.9999 for IONPs dosage of 0.35 g for lead adsorption and 1 for IONPs dosage of 0.35 g chromium
metal adsorption. The data suggests the chemisorption process, and it might be due to the exchange of metal ions with the functional
groups of iron oxide NPs.

From Table 8, the values R? of the pseudo-first-order model are close to 1 which indicates that the adsorption is more inclined
towards physisorption. The negative value of K; indicates that the data does not fit pseudo-first-order model. The adsorption fits well
with the pseudo-second-order model, confirming chemisorption that involves valence forces through sharing or exchanging of elec-
trons. According to Gupta et al. [60], the low value of rate constant (Kg) suggested that the adsorption rate decreased with the increase
in time and the adsorption rate was proportional to the number of unoccupied sites. The relatively high surface area (325 m2/g) and

Table 7
Adsorption capacity of the developed iron oxide nanoparticles towards Pb (II) and Cr(VI) ions in comparison with other steel based adsorbents.
Source of steel Iron oxide nanoparticle derived Specific surface area Target heavy Adsorption capacity Reference
waste (m2/g) metal ion (mg/g)
Iron oxide waste Fe304 325.02 Pb (ID) 417 This study
powder
Mill scale a-Fe;03 modified with sodium alganite 5.43 Pb (ID) 564 [23]
Steel Pickling Fe304 modified with carboxymethyl- - Pb (1) 64.2 [56]
Liqour p-cyclodextrin polymer
Steel Pickling Fe304 - Pb (ID) 120.48 [26]
Liqour
Iron oxide waste Fe304 325.02 Cr (VD) 326.8 This study
powder
Steel Pickling Fe304 modified with sugarcane bagasse biochar 16.18 Cr (VD) 71.02 [57]
Liqour
Steel Pickling A mixture of a-Fe,O3 and Fe304 modified with 29.92 Cr (VD) 24.48 [58]
Liqour sugarcane bagasse
Steel Pickling Fe304 functionalized with ethylenediamine 28 Cr (VD) 81.5 [25]
Liqour
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Fig. 6. (a) Pseudo 1st plots for adsorption of; Lead (i) and Chromium (ii), (b) Pseudo 2nd order plots for adsorption of; Lead (i) and Chromium (ii).

Table 8
Parameters of isotherm adsorption kinetics for adsorption of lead metal ions on iron oxide nanoparticles.
Pseudo-order kinetics Parameter Pb (I Cr (VD)
Pseudo-first-order parameters Ky —0.0457 —0.000005
Qe 0.3293 0.0716
R? 0.9814 0.9907
Pseudo-second-order parameters Ko 0.000872 10.8210
Qe 0.0287 0.0286
R® 0.9999 1

porous nature of the developed nanoparticles could also support the chemisorption nature of adsorption [61]. The developed iron
oxide nanoparticles had a higher affinity towards Pb (II) than Cr (VI) as indicated by the adsorption capacities. This mechanism was
most likely due to ion exchange since an increase in contact time resulted into increased removal efficiency [56]. Furthermore, the
adsorption of Cr (VI) can be attributed to its reduction by the developed Fe304 nanoparticles to Cr(III), which is then adsorbed through

electrostatic interaction [62].

3.4. Evaluation of the effectiveness of iron oxide nanoparticles in Pb and Cr removal in an industrial effluent sample

To evaluate the effectiveness of the iron oxide nanoparticles, the industrial effluent sample that was collected from Global Paints
Factory had concentrations of Pb and Cr as shown in Table 9. The measured concentrations of Pb (II) and Cr (VI) were above the
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maximum permissible limits proposed by US EPA regulatory limit and national effluent discharge standards presented in Table 5.
Heavy metals such as lead and chromium belong to the group of inorganic compounds and having a higher concentration than
permissible limits can pollute water. These inorganic pollutants have a disruptive effect on public health and also on aquatic flora and
fauna [63]. The results of the heavy metal removal percentages by the adsorption using iron oxide nanoparticles are shown in Table 8,
indicating complete heavy metal removal at an adsorbent dosage of 0.35 g in 10 mL of industrial wastewater. This implies that per 30
mL of industrial wastewater, the optimal dose of the iron oxide nanoparticles is 1.05 g. From Equation (1), the removal percentage
efficiency was found to be 100%. Other parameters that included turbidity, total alkalinity, total organic carbon, pH, apparent color
and electrical conductivity were within the permissible limits as per the standards and the results are shown in Table 9. This is
attributed to the particles’ mesopore structure, high porosity, and large surface area which offer active sites for heavy metal adsorption
from the effluent.

4. Conclusion

XRF analysis revealed that Fe;Osis the major compound contributing 97.23% of the total mass of the pickling red oxide waste. The
oxide powders were not of nanoscale as most of the particles (27.3%) were retained on 250 pm sieve. The red oxide was haematitic as
observed by the characteristic hematite FTIR peak at 540 cm . BET analysis revealed a specific surface area of 9.72 m?/g, suggesting a
small amount of exposed surface area per gram of red oxide to favor adsorption processes. Iron oxide nanoparticles prepared using the
wet chemical synthesis method with ammonia hydroxide solution as reducing agent were porous. The particles exhibited a hetero-
geneous structure with numerous pores of various sizes and shapes. FTIR analysis revealed the presence of active functional groups of
hydroxyl bonds on the surface. Nanoparticles synthesized with 2.5% w/v of ammonia hydroxide solution had a surface area of 325.02
m?/g. The particles were crystalline with a cubic structure, which is consistent with the crystal structure of magnetite (Fe304) and
maghemite (y-Fe3O4) phases. The synthesized iron oxide nanoparticles had an average size range of 20-30 nm. These characteristics
favor adsorption processes.

Removal efficiencies for both lead and chromium contaminants at a concentration of 1 ppm were 100% at a dosage of 0.35 g of the
nanoparticle in synthetic wastewater. The Freundlich isotherm model fitted adsorption data better, compared to Langmuir model,
suggesting that adsorption occurred at heterogeneous sites on the surface of the iron oxide nanoparticles. R? values for Pb (II) and Cr
(VI) showed the data best fitted to the pseudo-second-order model confirming chemisorption, which involves valence forces through
sharing or exchanging of electrons. Results from the treatment of an effluent sample from a paint manufacturing plant showed that the
nanoparticles successfully removed heavy metal pollutants of lead and chromium with an efficiency of 100%. Iron oxide nanoparticles
developed from iron oxide pickling waste can thus be used to effectively remove lead and chromium pollutants from wastewater. This
application provides an alternative use for steel pickling waste thus contributing to the circular economy in steel processing. The
practical challenge with scaling up the technology lie in developing an optimum synthesis route to produce sufficient quantities of
IONPs for industrial applications.
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Table 9
Heavy metal and other parameters removal percentage with the application of Iron oxide nanoparticles as an adsorbent.
Adsorbate Dosage (g) Heavy metal contaminant Initial Concentration (mg/L) Final Concentration (mg/L) Percentage Removal (%)
0.35 Pb(ID) 0.32 <0.01 100
Cr(VD) 0.64 <0.01 100
TOC (mg/L) 19.9 19.9 N/A
Turbidity (FAU) 14 14 N/A
pH 7.5 7.5 N/A
Total Alkalinity (mg/L) 145 130 N/A
Apparent Color (PtCo) 82 82 N/A
EC (ps/cm) 947 930 N/A
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