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Abstract

Heavy metal pollution of water bodies is a common problem in Zambia, whose economy depends on
copper mining. Removal of Cu** ions from the solution via adsorption using iron oxide ore was
investigated. The composition of the adsorbent was determined by XRF and ICP-OES. Iron oxide had
predominantly Fe-Os at 60 % with less than 3% of SiOz and Al.Os. The Cu®* ion concentrations were
measured before and after adsorption using Atomic Absorption Spectroscopy (AAS). The effects of
initial concentration, pH, acid activation, and thermal activation of the adsorbent on adsorption were
investigated. A decrease in the adsorption of Cu** ions with an increase in the initial concentration of
adsorbate (Cu**) was observed. The adsorption of Cu** ions on acid-activated Iron oxide compared to
thermally activated iron oxide ranged from 83-73%, respectively. Adsorption of Cu** ions was pH
dependent with an optimum pH of 7. Acid activation of the adsorbent had better absorptivity since acids
cause mineral dissolution, which increases the surface area and porosity of the adsorbent. Iron Oxide
adsorbents have the potential to the removal of Cu®* ions from aqueous solutions.
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Introduction and may induce cancer and other risks [3].
Several methods, such as electrochemical
treatment [4], reverse osmosis, adsorption [5],
membrane filtration [6], solvent extraction [7],
and chemical precipitation [8], have been used to
remove heavy metals from contaminated water.
Adsorption is a particularly attractive method
because of its low cost, high efficiency, and ease
of operation [9]. In recent years, the need for safe
and economical methods for the elimination of
heavy metals from contaminated waters has
necessitated research interest towards the use of
low-cost adsorbents as alternatives to
commercially available activated carbon and
zeolites [10]. Inorganic oxides such as iron
oxides have large surface areas and chemical and
mechanical stability and can sorb heavy metals
via adsorption and ion exchange. Iron oxide ore
was chosen because it is very abundant in

Environmental pollution continues to be a
main source of health problems in the world due
to the wide uses of chemical materials, chemical
detergents, presence of bacteria, and fungi in
water bodies [1]. The major sources of these
metals in industrial waste-waters include
electroplating, mining, fertilizers, pulp and
paper, mining and foundry activities, steel
production, carbon combustion, solid waste
incineration, ceramics, textiles, fertilizers,
pigments, batteries, and petroleum industries.
Water reservoirs are contaminated by the run-off
from these industries [2]. Heavy metals in
drinking water pose a threat to human health.
Populations are exposed to heavy metals mainly
through water consumption, and some heavy
metals can bio-accumulate in the human body
(e.g., in lipids and the gastrointestinal system)
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Zambia, specifically the central province [11].
Furthermore, Iron oxide is one of the metal
oxides classified as low-cost adsorbents [12].
Sorption of toxic metals on oxides and clay
minerals reduces their concentration and
mobility in aqueous solution and natural
environment [13]. Zambia largely depends on
copper mining. In the process of mining, heavy
metal effluents are released into water bodies
causing water pollution [14]. One of the major
problems Copper Mining has caused in Zambia
is water pollution. There is an urgent need to
research on cost-effective methods which can be
used to remove Copper ions from water in
Zambia [15]. In an economy like Zambia that is
largely dependent on copper mining [16], the
development and engineering of iron oxide as
adsorbents for the removal of heavy metals such
as copper offers exciting research opportunities
in heavy metal mitigation in water.

Experimental Section
Materials

Chemical reagents for the preparation of
adsorbate (Cu ions) and other chemicals
provided by Mopani Copper Mines Plc included
CuS04.5H20 and Amis 0348. Amis 0348 stands
for African Mineral Standards 0348 used for
certification of copper, cobalt oxide, or sulfides.
One adsorbent Iron oxide was collected from
Delca Palms Boarding School, Mkushi, Central
Province, Zambia. The adsorbent was grounded
and sieved to the particle size of 125 um and
dried for 2hrs at 105°C.

Elemental Characterization of the

Adsorbents

Elemental composition of the iron oxide ore
sample was conducted at Analytical laboratory,
Mopani Copper Mines Plc, Kitwe, Zambia.

X-ray Fluorescence (XRF) Analysis

About 0.3g of iron oxide was mixed with of
3g lithium nitrate, 1g lithium tetra borate, 19
lithium bromide, followed by an additional 5¢g of
lithium tetra borate. Afterward, fusion of each

mixture was done at a temperature of 1050 °C.
The fused pellets were then analyzed using X-
ray Fluorescence (XRF) on a Spectro Xepos
spectrometer with the Amis 0348 samples used
as quality control standards.

Inductively Coupled
Emission  Spectrometry
Analysis

Plasma-Optical
(ICP-OES)

Acid digestion was used to prepare iron oxide
adsorbents for ICP analysis. A 0.25g of
adsorbent was mixed with 20 mL of
concentrated HNOs, 10 mL of concentrated
HCIO4, and 10mL of concentrated HF and heated
at 150 °C on a Digi PREP LS heating block. For
quality control purposes, Amis 0348 (Laboratory
standard) was used as a quality control standard
and was prepared by acid digestion in the same
way as the adsorbents. The standard was used to
verify the entire analytical system and eliminate
bias from analytical results by comparing the
results of the standard with the values stated on
the Certificate of Analysis for Amis 0348.

Thermal and Acid Activation of

Adsorbents

For thermal activation, 30g of adsorbent was
heated at a temperature of 650°C for 4 hours and
then allowed to cool naturally to room
temperature. Whereas, for acid activation, 10 g
of adsorbent was added to 50 mL of 0.5MHCI
solution and stirred at 70° C for 30 min at 140
rpm. Afterward, the activated acid adsorbent was
washed with distilled water to achieve neutrality
(pH 6.9), thereafter, the adsorbent was oven
dried at 120° C for 3 hours and cooled for further
use [17].

Stock Solution Preparation Adsorption
Experiments

A 1000 mg/L stock solution of Cu** ions was
prepared by dissolving 3.96g of Copper (1)
Sulfate pentahydrate (CuSO4.5H20)99% in 1000
mL of distilled water. From this stock solution of
Cu, working solutions of concentrations ranging
from 10, 20, 40, 60, and 80 mg/L were prepared
by dilution. In order to study the adsorption of



Cu* ions onto iron oxide adsorbents, the
following factors were investigated:
1. The effect of concentration on the
adsorption of metal ions.
2. The effect of pH on the adsorption of metal
ions.

The Effect of Concentration on the
Adsorption of Metal lons

In order to investigate the effect of
concentration on the adsorption of metal ions,
1.0 g of adsorbent was separately added into 50

ml  of metal ion solution of varying
concentrations (between 10-100 mg/L), while
keeping all other parameters constant (shaker
speed= 140 rpm; contact time= 3 hrs.; adsorbent
mass=1.0g; temperature= 25°C, pH=7.0). After
3 hours, the mixture was filtered, and the filtrate
Cu**concentrations were measured before and
after adsorption using Atomic Absorption
Spectroscopy  (Anlytikjena, Model novAA
400P). The percentage of Cu®removal was
calculated using Equation 1.

Initial Cu?* — Final Cu?* concentration

Cu?* removal (%) =

The Effect of pH on the Adsorption of
Metal lons

Similarly, the effect of pH on the adsorption
capacity of iron oxide was investigated under the
same conditions as the effect of concentration.
Except in this case, 0.1IMNaOH and 0.1MHCI
solutions were used to adjust the pH of the metal
solution after the addition of the adsorbents to
the metal ion solution. After 3 hours, the
mixtures were filtered, and the Cu*
concentrations were measured using Atomic

Initial Cu?t concentration.

x 100 Equation 1
Absorption Spectroscopy, and the percentage of
Cu* removal was calculated using Equation 1.
Results and Discussion
Characterization of Adsorbents

X-ray Fluorescence Analysis

The results for the elemental analysis of the
adsorbents using XRF are shown in Table 1. Iron
oxide sand had predominately a high percentage
of iron in relation to silicon and aluminum.

Table 1. Elemental Composition of Raw Inorganic Adsorbent using XRF

Component | Iron oxide (%6)
Si 1.18

Al 0.51

Fe 4257

Ca 0.12

Mg 0.11

In order to express the elemental composition
as oxide-based results, the results from Table 1
were multiplied by the stoichiometric oxide
conversion factors for SiO2 (2.1392), Al0s
(1.8895), Fe20s (1.4297), CaO (1.3992) and

MgO (1.6582) [18]. The oxide-based
compositions of the two adsorbents are depicted
in Table 2. It is evident that iron oxide had up to
18.29% oxygen sites.

Table 2. Oxide-based Composition of Raw Inorganic Adsorbents using XRF

Component | Iron oxide (%) (10) | Oxide Content (%)
SiO2 2.53 1.35

Al20s 0.96 0.45

Fe20s 60.86 18.29




CaO 0.17

0.05

MgO 0.18

0.07

Inductively Coupled
Emission
Analysis

Plasma-Optical
Spectrometry  (ICP-OES)

Elemental composition of the adsorbents was
also verified by ICP-OES analysis, however, the
use of acid digestion removed silica from the
samples. The use of HF during acid digestion
makes silica to volatilize before analysis HF
breaks up strong Si-O bonds to form SiFs* ions
in acidic solution. Silicates are converted to
volatile SiFs, which will be lost in open-vessel
digestion procedures [19]. Therefore, ICP
analysis did not analyze the concentration of
silica in the adsorbent. Table 3 shows the ICP-
OES results for the major elements in iron oxide

being Al and Fe. Using stoichiometric oxide
conversion factors, the oxygen content of the
individual elements is expressed in Table 4. The
results from ICP-OES mirror those from XRF,
except that elemental data from ICP is on the
lower side.

Adsorption Experiments

The Effect of Concentration on the
Adsorption of the Metal lons

In order to investigate the effect of
concentration on the adsorption of metal ions,
several adsorption experiments were conducted
while varying concentrations between 10-100

mg/L.

Table 3. Elemental Composition of Raw Inorganic Adsorbent using ICP-OES

Component | Iron oxide (%0)
Al 0.50

Fe >31.26

Ca 0.02

Mg 0.07

Table 4. Oxide based composition of inorganic adsorbents using ICP-OES

Component | Iron oxide (%) | Oxide Content (%0)
SiO2 - -

Al20Os 0.95 0.45

Fe203 >44.69 13.43

CaO 0.03 0.01

MgO 0.12 0.07

Table 5. Percent Removal of Cu?* ions using Acid Activated and Thermally Activated Iron Oxide from

Different Concentrations of the lons

Adsorbent Cu* initial Cu* final Cu * removal (%)
concentration (mg/L) | concentration (mg/L)

Acid Activated

Iron oxide (10) | 10 17 83

Iron oxide (10) | 30 54 82

Iron oxide (10) | 80 15.2 81

Iron oxide (10) | 100 20 80

- - - Mean = 82+1

Thermally activated




Iron oxide (10) | 10 2 80
Iron oxide (10) | 30 6.6 78
Iron oxide (10) | 80 19.2 76
Iron oxide (10) | 100 25 75
- - - Mean = 77+4

The high adsorption of acid-activated
adsorbents can be attributed to the fact that acid
treatments help in the specific surface area
increase, acidic centers, surface functional group
modification, and high porosity with solids [17].
Acid activation results in several significant
changes in clay adsorbent. Primarily, as most of
the clay minerals possess the ion-exchange
ability, ion-exchange reactions will occur. The
exchangeable cations, usual cations of alkali or
alkaline earth elements, e.g., Na*, K*, or Ca*
located in the interlayer space of adsorbent, will
be substituted for protons resulting from the
dissociation of an acid. Protons of the acid easily
penetrate into the interlayer space and react
mainly with cations of the octahedral sheet. This
process is known as ‘“dealumination” as it
comprises the substitution of octahedral AI** or
Fe®*/ Fe* ions by protons and the formation of
additional Si-OH groups in the tetrahedral sheet.
Consequently, the occurrence of ion exchange
and dealumination enhances the surface and
structural characteristics of clay minerals
towards the adsorption of cations on dangling
OH groups [20]. Thermal activation of clay

minerals at elevated temperature results in the
desorption of adsorbed gases and water
molecules and the evolution of the free surface.
However, at high pH, the structural integrity of
the clay can undergo partial damage or entire
structure collapse, followed by a reduction of
surface activity [21].

The decrease in percent adsorption of Cu® on
iron oxide as the initial metal concentration
increased is apparent as shown in Figure 1. As
the concentration of metal ions increased,
accessibility of adsorption sites reduced, leading
to low adsorption of metal ions. The reduction in
the accessibility of adsorption sites by the metal
ions was due to the competition of the metal ions
for the limited adsorption sites. This may be
because at lower concentrations, almost all ions
were adsorbed very quickly, but a further
increase in initial metal ion concentrations led to
saturation of the adsorbent surface [3]. This
means that the available binding sites had been
saturated, and the adsorbent could no longer bind
further ions as the number of sites available on
the adsorbent is constant.
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Figure 1. The Effect of Concentration on the Adsorption of Cu?* ions



The Effect of pH on the Adsorption of
Metal lons

In order to investigate the effect of pH on the
adsorption of Cu2+, several experiments were
conducted at different pH values of 1.0, 4.0, 6.5,
7.0 and 8.5. The impact of pH on the adsorption
of Cu2+ is shown in Figure 2. As pH increased
from 1, the number of adsorbed ions also
increased and peaked at pH 7 for Cu ions. The
effect of pH on the adsorption of Cu2+ using
both acid-activated- and thermally activated iron
oxide is shown in Figure 2. The amount of Cu2+
removed was up to 80-95% at pH 7. It was
established that the sorption of Cu2+ escalated
as the pH increased to an optimum value of 7.

This result agrees to that reported by [22]

where a low pH leads to the dissolution of
cations such as Fe2+ and Al3+ that ultimately
compete with copper (lI) ions for adsorption. As
pH increases, more hydroxide (OH-) sites are
generated on the adsorbent leading to
electrostatic interaction between the Cu2+ ions
and the OH-1 [22]. In the pH range of 4 to 6, a
slight increase in metal removal is observed
which might be explained by the fact that the
adsorption sites are no more affected by the pH
change. Anincrease in Cu2+ as the pH increases
can be explained by surface sites and by
decreased positive charge, which results in a
lower repulsion on the basis of decreased
competition between protons and positively
charged metal ions during adsorption [23].
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Figure 2. Effect of pH on the Adsorption of Copper (11) lons on Iron oxide (10)

Additionally, after pH of 7, a decrease of
metal removal for Cu?* compared to pH 6 is
observed. At a higher pH, copper ions are
precipitated in the form of hydroxides, and this
reduces the rate of adsorption and, consequently
the removal capacity of heavy metals. The
precipitation of the metal ions makes them
immobile, and this reduces the adsorption of
these metal ion. This can also be explained by
the increasing amount of Na™ in the solution (due
to pH adjustment), which competes with the

remaining Cu® on the exchangeable sites [24].
Acid activation proved to be a better method of
adsorbent activation than thermal activation.
Chemical activation or modification usually
provides the strongest effect on the structure and
properties of materials because of the chemical
interactions of a modifying agent and the surface
of the material. Acid treatments help in the
specific surface area increase, acidic centers,
surface functional group modification, and high
porosity with solids [17].



Conclusion

The use of Iron oxide for the removal of
copper (I1) ions from an aqueous solution via
adsorption process has demonstrated the extent
to which the metal ions can be removed by these
two adsorbents. The results showed that as the
initial metal concentration increased, the
percentage removal of Cu®* decreased. As the
concentration of metal ions increased,
accessibility of adsorption sites reduced, which
led to low adsorption of metal ions. The
reduction in the accessibility of adsorption sites
by the metal ions was due to the competition of
the metal ions for the limited adsorption sites.
This may be because at lower concentrations,
almost all ions were adsorbed very quickly, but
a further increase in initial metal ion
concentrations led to saturation of the adsorbent
surface.

Acid activation was found to be a better
method of adsorbent activation as compared to
thermal activation because the acid treatment
causes mineral dissolution, which increases the
surface area and porosity of the adsorbent.
Firstly, for the concentration with a low pH, the
content of H" is high, which will lead to mineral

References

[1] Aljamali, Nagham & Jawad, Aseel & Alabbasy,
Anaam & Salih, Layla & Aljamali, Dr.Nagham & J,
Aseel & M, Jawad & A, Nagham & Mahmood,
Aljamali. (2019). A Literature Review on Types of
Contamination (Biological, Chemical, Medical).
International Journal of Green Chemistry, Vol. 5, pp.
7-14.

[2] Tchounwou PB, Yedjou CG, Patlolla AK, Sutton
DJ. 2012, Heavy Metals Toxicity and the
Environment. Experientia supplementum (EXS, Vol.
101, pp. 133-164.

[3] Ma. del Rosario Moreno Virgen, Omar Francisco
Gonzélez Vazquez, Virginia Hernandez Montoya,
and Rigoberto Tovar Goémez., 2018, ‘Removal of
Heavy Metals Using Adsorption Processes Subject to
an External Magnetic Field’, in H. E. M. Saleh, R. F.

dissolution, releasing ions such as Mg (1), Fe
(I, and Al (Il). These ions compete with
copper (1) ions for adsorption sites. At elevated
pH, the content of H* decreases, leading to many
hydroxyl groups on the adsorbents, thus,
increasing the rate of adsorption of Cu ions.
Secondly, if the pH is low, the surface groups are
protonated. Consequently, it will produce a
positive surface charge which may weaken the
ability to form complexes with Cu®* ions.

Finally, the research has shown that abundant
iron oxide can be engineered for the adsorption
of metals, and this work prompts an extension to
the removal of lead (Pb) ions which has affected
the Kabwe Township in Zambian that closed
after the depletion of PBS galena ore.

Acknowledgements

This work was supported by Mopani Copper
Mines Plc. We would like to thank the company
for allowing us to use their analytical
instruments.

Disclosure Statement

The authors report there are no competing
interests to declare.

Aglan (eds.), Heavy Metals, IntechOpen, London.
10.5772/intechopen.74050.

[4] Akbal, F. and Camci, 2011, Copper, chromium,
and nickel removal from metal plating wastewater by
Desalination. Desalination, Vol. 269, pp. 214-2221.
[5] Mohsen-Nia, M., Montazeri, P. and Modarress, H,
2007, Removal of Cu2+ and Ni2+ from wastewater
with a chelating agent and reverse 0Smosis processes.
Desalination, Vol. 217, pp. 276-281.

[6] Rahmanian, Bashir & Pakizeh, Majid &
Esfandyari, Morteza & Heshmatnezhad, Fazlollah &
Maskooki, Abdolmajid. (2011). Fuzzy modeling and
simulation for lead removal using micellar-enhanced
ultrafiltration (MEUF). Journal of hazardous
materials. 192. 585-92.
10.1016/j.jhazmat.2011.05.051.

[7] Lertlapwasin, Ratthaya & Bhawawet, Nakara &
Imyim, Apichat & Fuangswasdi, Saowarux. (2010).



lonic liquid extraction of heavy metal ion by 2-
aminothiophenol in 1-butyl-3-methylimidazolium
hexafluorophosphate and their association constants.
Separation and Purification Technology. 72. 70-76.
10.1016/j.seppur.2010.01.004.

[8] Wang, X and Li, Y, 2011, Measurement of Cu and
Zn adsorption onto surficial sediment components:
new evidence for less importance of clay minerals. J
Hazard Mater, Vol. 189, pp. 719-723.

[9] Bajda, T. and Klapyta, K., 2013, Adsorption of
chromate from aqueous solutions by HDTMA-
modified clinoptilolite, glauconite and
montmorillonite. Appl Clay Sci, Vol. 86, pp. 169-
173.

[10] Hegazi, H., 2013, Removal of heavy metals from
wastewater using agricultural and industrial wastes as
adsorbents. HBRC Journal, Vol. 9, pp. 276-282.
[11]Clive, Mitchel. 2000. Industrial Mineral
Resources of Zambia.

[12]Haidong, Hu and Ke, Xu. 2020, High-Risk
Pollutants in Wastewater, Elsevier, pp. 169-207.
[13]Ugwu, I. M and Igbokwe, O. 2019, Sorption of
Heavy Metals on Clay Minerals and Oxides: A
Review. In:  Advanced Sorption  Process
Applications. pp. 1-4.

[14]1Phenny Mwaanga, Mathews Silondwa, George
Kasali, Paul M. Banda, 2019, Preliminary review of
mine air pollution in Zambia. Heliyon.5(9).

[15] Mudenda, Lee. 2018. Assessment of Water
pollution arising from copper mining in Zambia: a
case study of Munkulungwe stream in Ndola,
Copperbelt province. Cape Town: University of Cape
Town (UCT).

[16] Ikenaka, Yoshinori & Nakayama, Shouta &
Muzandu, Kaampwe & Choongo, Kennedy &
Teraoka, Hiroki & Mizuno, Naoharu & Ishizuka,
Mayumi. (2010). Heavy Metal Contamination of Soil
and Sediment in Zambia. African Journal of
Environmental Science and Technology. 4. 729-739.
10.4314/ajest.v4i11.71339.

[L7]Obayomia, K and Autab, M. 11, 2019,
Development of microporous activated Aloji clay for
adsorption of lead (II) ion from aqueous solution.
Heliyon, Vol. 5, pp. 27-99.

[18]Univeristy,  James  Cook.  Element-to-
stoichiometric oxide conversion factors. [Online]

2020. [Cited: April 3, 2021.] t:
https://www.jcu.edu.au/advanced-analytical-
centre/resources/element-to-stoichiometric-
oxideconversion-factors.

[19] Krachler, Michael & Mohl, Carola & Emons,
Hendrik & Shotyk, William. (2002). Influence of
digestion procedures on the determination of rare
earth elements in peat and plant samples by USN-
ICP-MS. Journal of Analytical Atomic Spectrometry.
17.10.1039/B200780K.

[20] Novikova, L., Belchinskaya, L., 2016,
‘Adsorption of Industrial Pollutants by Natural and
Modified Aluminosilicates’, in G. M. d. Nascimento
(ed.), Clays, Clay Minerals and Ceramic Materials
Based on Clay Minerals, Intech Open, London.
10.5772/61678.

[21]Ahmed Z. Khalifa, Ozlem Cizer, Yiannis
Pontikes, Andrew Heath, Pascaline Patureau, Susan
A. Bernal, Alastair T.M. Marsh, 2020, Advances in
alkali-activation of clay minerals. Advances in alkali-
activation of clay minerals, Vol. 132, ISSN 0008-
8846.

[22] Shuang Xie, Zhang Wen, Hongbin Zhan,
Menggui Jin.2018, An Experimental Study on the
Adsorption and Desorption of Cu (Il) in Silty Clay.
Geofluids, Vol. 4, pp. 1-12.

[23] Alandis, N. & Mekhamer, Waffa & Aldayel,
Omar & Hefne, Jameel & Alam, Manawwer. (2019).
Adsorptive Applications of Montmorillonite Clay for
the Removal of Ag(l) and Cu (Il) from Aqueous
Medium. Journal of Chemistry. 2019. 1-7.
10.1155/2019/7129014.

[24] Abbar, Bouamama & Alem, Abdellah &
Marcotte, Stéphane & Anne, Pantet & Ahfir, Nasre-
Dine & Bizet, Laurent & Duriatti, Davy. (2017).
Experimental investigation on removal of heavy
metals (Cu 2+, Pb 2+, and Zn 2+) from aqueous
solution by flax fibres. Process Safety and
Environmental Protection. 109.
10.1016/j.psep.2017.05.012.


https://www.jcu.edu.au/advanced-analytical-centre/resources/element-to-stoichiometric-oxideconversion-factors
https://www.jcu.edu.au/advanced-analytical-centre/resources/element-to-stoichiometric-oxideconversion-factors
https://www.jcu.edu.au/advanced-analytical-centre/resources/element-to-stoichiometric-oxideconversion-factors



