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ARTICLE INFO Abstract

The current study examines the use of rock debris leading from mining in the Nakleen zone.
The values of these rock wastes must be considered in a feasibility analysis, especially in light
of potential ongoing mining operations. Treated Limestone obtained from different areas of
Yemen was applied to adsorb Cd (I1) and Pb (I1) from wastewater. Treated limestone samples
were characterized using various techniques, via FTIR, XRF, and TGA-DTA. Batch
experiments were conducted with varying pH (2-9), Metal ions concentration (10-50 mg/L),
stirring time (10—60 min), and limestone dosage (0.1-1.1 g/50 mL). The ICP-OES analysis was
applied to determine the removal percentage of the Cd(l1) and Pb(Il) ions using the adsorption
process. Results show that the limestone was efficient for removing Pb (I1) and Cd (I1) ions
with efficiencies of 99 %, and 98.5 %, respectively. The adsorption of Cd(Il) and Pb(Il) ions
onto limestone obeyed the Freundlich model due to electrostatic affinity. The maximum
adsorption capacities of Nak-Cd*? and Nak-Pb*? after a short time are 6.09 and 4.769 mg/g,
respectively. This result indicates that the intercalation of several ions with Nak limestone was
better suited to Cd*2 ions. The enhancement is attributed to the selectivity of adsorption sites
in the Nak sample to Cd*? ions
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1. Introduction expensive due to their substantial requirements. As a result,
there has been a growing interest in recent years in
developing cost-effective and environmentally friendly
adsorbents through the synthesis of materials using
inexpensive raw resources. Mineral materials have emerged

as the "Green Materials™ of the 21st century. Numerous low-

The hazardous substances and toxic heavy metals such as
Lead Pb(ll) and cadmium Cd(ll) are nowadays
environmental priority pollutants due to their characteristics
of toxicity, and biological accumulation, which could

destroy the ecosystem[1-3]. Therefore, various methods,
such as membrane cells, ion exchange, electrochemical
participation, adsorption, etc., have been widely used to
eliminate metal ions from aquatic environments[4,5]. lon
exchange or adsorption using absorbents has been identified
as more effective than other techniques for treating natural
water contaminated by heavy metals[6,7][8]. This is due to
its benefits, which include its adaptability and simplicity in
design, ease of use, rapidness, efficacy, appropriateness, and
eco-friendliness  characteristics  [9,10].  Nevertheless,
extracting heavy metals from natural water using universal
cation ion exchangers or adsorbents (such as activated
carbon, zeolite, and montmorillonite) can be prohibitively
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cost and abundant minerals have been widely employed as
adsorbents or as raw materials in the creation of efficient
adsorbents aimed at extracting heavy metals from natural
water sources. Prior research has demonstrated that pure
montmorillonite, containing aluminum and magnesium in
the octahedral sheet, can be synthesized within the MgO—
Al,03-SiO; systems under autogenous pressure. Reyes and
Fiallo reported the successful transformation of illite into a
highly crystalline faujasite-type zeolite through fusion with
NaOH pellets at 600 °C, followed by hydrothermal
treatment. Additionally, clay minerals such as montmori-
llonite and zeolite exhibit the ability to adsorb heavy metals
through cation exchange and the formation of inner-sphere


mailto:yahiaka.chem.edu@aden-univ.net
https://orcid.org/0000-0002-0029-3646
https://uajnas.adenuniv.com/
https://uajnas.adenuniv.com/
https://uajnas.adenuniv.com/
https://doi.org/10.47372/uajnas.2024.n2.a06
https://orcid.org/0000-0002-0029-3646

Al Hariri et el.

Univ. Aden J. Nat. and Appl. Sc. Vol (28)(2) (2024)

complexes involving Si-O and AI-O groups[11,12].
Gehlenite et. al has been synthesized via a solid-state
reaction of mechanochemically treated mixtures of kaolinite,
calcite, and aluminum hydroxide at 900 °C, demonstrating a
high capacity for metal ion absorption.[13] To synthesize
these three effective adsorbents through calcination in the
Ca0-MgO-SiO,—Al,03 system[14]. This study selected
low-cost and abundant mineral materials, including Yemeni
Limestone (Nak, AB1, AB2), as sources of silicon and
aluminum. Limestones are sedimentary rocks composed
principally of calcium carbonate (calcite) or the double
carbonate of calcium and magnesium (dolomite)[15,16]. It
is commonly employed in several applications due to its
inexpensive cost and widespread availability in nature.
Limestones are a well-liked adsorbent for different types of
pollutants i.e. organic pollutants, toxic metals, antibiotics,
and hormones owing to their secondary binding site, diverse
surface, buffering ability, and repurposing qualities, which
are also highly helpful. Limestone may therefore be used as
an inexpensive adsorbent in water treatment. Additionally,
limestone in microsize exhibits exceptional properties,
which have proven to possess high absorption capacity for
metal ions, which could produced through a high surface
reaction involving mechano-chemically treated of calcite,
and dolomite components at 300 °C. To discover the activity
and capacity of the aforementioned three effective
adsorbents through calcination the surface analysis of AB1—
AB2-Nak systems was investigated. This research aims to
study the possibility of using limestone rocks to remove
heavy ions from contaminated aqueous solutions produced
by various industries [17,18]. The limestone is produced in
large amounts as byproducts during the manufacturing of
stones; Therefore, this study opted for low-cost and
abundant natural materials like Limestone and/or dolomite
were incorporated to provide smaller radius cations such as
Ca (I1) and Mg(ll), aiming to displace Cd(Il) and Pb(ll) in
the presence competitive ions i.e. Zn(1l) and Cu(ll) upon the
crystal structure of limestone.

2. Materials and methods:

2.1. Materials

All the reagents utilized in this paper were purchased from
BDH Chemicals Ltd, Poole, England. The analytical-grade
reagents included zinc nitrate (Zn(NOs3)2-6H,0), cadmium
nitrate (Cd(NOs),), copper nitrate (Cu(NOs),, Nitric acid
(HNOg3), sodium hydroxide (NaOH), and lead nitrate
(Pb(NOs3)2). A range of metal nitrate solutions was prepared
by employing different masses of metal salt during the
experimental procedures.
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2.2. Instrumentation

The chemical composition of the samples was determined by
an X-ray fluorescence (XRF) spectrometer (Axios Pw4400,
PANalytical, Netherlands). The simultaneous Thermo
gravimetry (TG) and Differential thermal analysis (DTA) in
the temperature range from 25 °C to 1000 °C were conducted
on STA449C, Netzsch, Germany. Its heating atmosphere
was air and the heating rate was 10 °C min—1. The pH value
of LCSM was measured using pH—meter 112 Instrument,
Romania, and Orbital Shaker Co. United Kingdom. Fourier
transform infrared (FTIR) spectra were recorded using a
Perkin-Elmer 1750X spectrophotometer. The mixture was
centrifuged and the filtrates were analyzed for the Cd?*, Pb?*,
Zn?*, and Cu?* levels by ICP-OES instrument, Optima 7300
DV series (PerkinElmer Inc.Tokyo, Japan).

2.3. Yemeni Limestone Preparation
The sample of limestone (Nakhleen) was derived from the
Lahej Province of Yemen. The second and third samples of
AB1 and AB2 of Limestone were collected from the quarry
zone in Abyan Province, Yemen. The samples were crushed
properly, then ground homogeneously to a powder using a
mortar and pestle into approximately 3-5 mm diameter
grains. The limestone samples underwent cleaning
procedures, and the chunks of limestone had very irregular
forms, so a Soxhlet extraction system was employed. Next,
a Soxhlet setup was filled with the crushed grains. As
extraction solvents, methanol, and toluene were utilized to
produce a colorless toluene eluent, at which point the
procedure was completed. The limestone samples were dried
in an oven at 80 °C. Then, the dry samples were ground by
mortar and pestle into powders. The sizes of the powder
particles were controlled by sieving the powder by two
meshes, with mesh sizes of 0.3 and 0.5 pum. The sieved
particles were collected into a glass sample bottle and sealed
for later use. Analytical grade compounds were all that were
employed in this investigation.
2.4. Adsorption processes

To carry out the adsorption tests, 1g of limestone sample
(AB1, AB2, and NAK) was transferred into 100 mL of the
volumetric flask using the proper sieve size as natural
adsorbents. Thirty milliliters of a 20 ppm metal ion solution
were then added. For 120 minutes, the mixture was agitated
at a steady 800 rpm with sporadic shaking. The liquid
supernatant was then filtered using 0.454 um filtering paper.
The ultimate equilibrium concentration of Cd?* and Pb?* ions
was determined using the ICP-AES technique. The metal
ions were mixed with certain quantities of AB1, AB2, and
Nak by adjusting the optimum conditions. The removal
percentage (R %) and the amount of metal ions adsorbed (ge)
were calculated using the following equations:
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Where Ci and Ce explain the initial and equilibrium
concentrations of heavy metals (Pb2+, and Cd2+),
respectively, and ge is the amount adsorbed. The adsorbent
weight is denoted by m, while the solution volume is
represented by V.To achieve optimum adsorption of Cd2+
and Pb?* ions, the experiment was conducted under different
parameters such as the effect of solution pH, contact time,
initial metal concentration, amount of adsorbent, and
temperature using the ICP-AES instrument.

3. Results and Discussions

3.1. Adsorption process
This study aimed to exploit limestone as an eco-friendly-
adsorbent to eliminate heavy metal ions from wastewater.
Although adsorption is a highly promising and efficient
method, it suffers from the use of relatively expensive
materials as adsorbents.

3.2. Characterization of Yemeni Limestone (Y-

LME)
The main chemical composition of Y-LME determined
using XRF, for the NAK sample was 49.9.9 % CaO, 3.4 %
SiOz, 0.3499 % SOz, 1.14% Al0s3, 0.183 % Fe03, 5277%
MgO, 0.3042% K0. The high contents of SiO,, Al,O3, and
CaO would contribute to the high removal of metals due to
the presence of silanol sites (=Si-OH) and aluminols (=
AI-OH) groups at the surface of Y-LME. The FTIR analysis
was employed to investigate the main absorption bands of
limestones. Figure 1 shows the Y-LME spectra in the 400-
4000 cm* wavenumber that explains the vibrations of the
crystallographic axes for the carbon and oxygen atoms. The
strongest bands at 1393 - 1404 cm, 870 cm%, and 710 cm!
corresponded to the basic vibrations of the COs ion.
Broadening of the band around 1404 cm-1 indicates the
existence of one or more crystalline forms in the sample.

When one mineral predominates, broadening decreases, and
a "shoulder" emerges on either the shorter or longer
wavelength side, adjacent to the dominant form's peak [19].
The shape of this band indicates that the sample is composed
of a distinct crystalline structure.

The band at 874 cm™, which corresponds to the single
frequency v2, is caused by an out-of-plane bend in the C-O
bond. The fundamental frequency v4 at 710 cm™ in the
spectrum is attributed to the planar bending vibration.

This band makes it possible to distinguish the different
crystalline phases of limestone. Indeed, the investigations
showed that it appears at 710 cm in calcite, at 744 cm™ in
vaterite, and as a doublet at 700 cm? and 713 cm? in
aragonite [20].

This result shows that the limestones used in this study are a
calcite crystalline phase. The two low-intensity bands
around 1797 cm™ and 2512 cm™* are respectively assigned to
the combinations of the frequencies v1 + v4 and v1 +v3[21].
These bands allow us to find the frequency of the
fundamental vibration v1 inactive in IR at 1085 cm™. This
value is consistent with the result (1088 cm) derived from
the polarized Raman spectra of calcite by Porto et al. [22].
This outcome further demonstrates that the sample is entirely
composed of calcite. According to the literature, the bands
at around 3100 cm™ and 3457 cm? are attributed to the
symmetric and anti-symmetric stretching of the water's O-H
bond, respectively.[23][24].

Fig.2a shows a tiny peak at 200°C belongs to the loss of ore’s
moisture content while the second very sharp small narrow
peak may result from the loss of crystallization water
content. The calcination of the lime-stone mineral calcite is
the cause of the last broad, wide major endothermic peak.
This peak, which begins at 550°C and finishes at around
650°C, represents the breakdown of Y-LSM-Nak (Figure 2C)
into carbon dioxide (CO-) and calcium oxide (CaO). Figure
2¢'s data indicates that the weight remained constant at 56.06
percent. It is assumed that the sample is made up entirely of
CaCOg based on the mass loss related to CaCO3 breakdown.

Table 1. Relevant composition chemical composition of the limestone samples

Sample Ca0 SiO, Al,O3 Fe,O3 K20 MgO SO3
Nak 49.995 3.411 1.104 0.527 0.304 0.183 0.345
AB.1 47.10 9.04 2.88 1.04 0.28 - 0.21
AB.2 50.25 5.05 1.68 0.50 0.16 - 0.25
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Figure 1: Infrared absorption spectrum of limestone samples
AB1 (a), AB2(b), and Nak (c) in the range from 4000 to 400
cm!
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Figure 2: (2): TG-DTA curve in the thermal activation process of LS AB1

(a), AB2 (b), and Nak (c).
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3.3. Batch Adsorption
In this work, we have selected the Nakleen sample as a
natural adsorbent and will expand the work to involve all
samples in the next work due to the limited paper size.
3.4. Optimum conditions of heavy metals
(Pb #* and Cd 2*) removal

3.4.1. Influence of adsorbent dosage

The effect of limestone dosage was studied at different
amounts of limestone samplesi.e. 0.3,0.5,0.8,and 1.1 g as
shown in Figure 3a. Adsorption results for Pb*? Cd*? ions
with Nakhleen limestone sample indicate tend to capture
Pb*2 cations. The removal percentage significantly increased
from 90.04 and 91.59 %, when 0.3 g of limestone was used,
to 96.12 and 98.21 % when 1.1 g of limestone was used to
remove the Pb(Il) and Cd(Il) ions respectively.
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Figure 3: (a) Effect of the mass of limestone on removal
percentage of Pb (1) and Cd(II) ions, (b) The relationship
between solution pH and removal percentage

a

R %

Removal %

The removal percentage of Pb?* and Cd?* may rise when
adsorbent doses of limestone increase. This might be
because greater adsorbent dosages increase the sorbent's
surface area and pore volume, which increases its
adsorption capacity

3.4.2. Effect of particle size

The effect of limestone particle size was studied, where three
different particle sizes (125, 180, and 250 pm) were used.
The percentage of adsorption was at the maximum when
using limestone with a particle size of 125 um, and it slightly
decreased when the particle size increased to 250 um. As
shown in Figure 3b, the lowest percentage of adsorption was
obtained using limestone with a particle size of 300 um. This
finding agrees with the fact that increasing the particle size
decreases the surface area of contact between the adsorbent
and the Pb (I1) ion solution.
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Figure 4: (a) effect of pH value on the adsorption capacity
of the Nak-Limestone sample ; (b) Effect of contact time on
adsorption efficiency.

Table (2): Adsorption results for Pb*2,Cu*?,Cd*2 andZn*? cations with Nakhleen limestone sample

Metal lon Co Cs
Cd(ln 20 ppm 0.041 ppm
Pb(Il) 20 ppm 0.028 ppm
Zn(IN) 20 ppm 0.21 ppm
Cu(ll) 20ppm 0.85 ppm

E-ISSN: 2788-9327

Mass of sample Qe % R
Hg/g

1.1g 8326 99.79

1.1g. 9328 99.86

1.1g 3297 98.91

1.1g 3191 95.75
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3.4.3. Influence of solution pH

The pH is considered one of the factors affecting the
adsorption process, as hydrogen ions compete with the
studied metal ions for adsorption sites .Also, hydroxide ions
can precipitate metal ions if their concentration is high in the
solution. To find the effect of the initial solution pH on the
adsorption capacity of Pb*2 and Cd*? ions by Nak limestone,
the effect of pH was studied at the pH range of 3-7.

The relationship between the adsorption rate and pH is
shown in Figure 4a. High effective competition between
cations (Pb(l1l) and H*) for the same vacant sites was the
reason for the low uptake at strongly acidic conditions (pH
~ 3). However, mildly acidic (pH = 4-06) led to less effective
competition, therefore adsorption increased when pH was
raised further. The maximum adsorption capacities for Pb*2
ions were achieved at pH = 6. The limestone adsorption rate
was 99.88%.

3.3.4. Effect of contact time

The effect of contact time was investigated for the
experimental data to comprehend the uptake processes of
metal ions using the Nak-limestone samples, as illustrated
in Figure 4b.

3.3.5. Co-removal of Pb*2 and Cd*? ions

The adsorption capacity of Yemeni limestone absorbents
(NaK) may be impacted by competitive behavior since
heavy metals often coexist in polluted wastewater systems.
Competitive adsorption experiments of the ternary system
were conducted to assess the impact of coexisting Pb, and
Cd on the adsorption capacity of limestone.

3.3.5. Adsorption isotherms

To describe time-dependent adsorption of Pb*? and Cd*? by
Nak-limestone adsorbent, isotherm adsorption was
conducted by mixing 50 mL of metal ions (20 ppm) solution
with 1.1 g of adsorbent in the range of time 5-120 min (
Figure 5a,b,c). To investigate the metal ions uptake on the
Nak-lime stone surface, we have drawn the relationship
between the maximum amounts adsorbed (Qm) and the
amount adsorbed at equilibrium as shown in Figure 5a

As shown in Figure 5a, the maximum adsorption capacities
of Nak-Cd*? and Nak-Pb*? after 30 min are 6.09 and 4.769
mg/g, respectively. This result indicates that the intercalation
of several ions with Nak limestone was better suited to Cd*?
ions. The enhancement is attributed to the selectivity of
adsorption sites in the Nak sample to Cd*? ions. The two
models' fitted graphs and correlation parameters are
presented in Figure 5(b and c).
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According to the correlation coefficient (R?), the Freundlich
model showed the highest (R?) values for both Cd(Il) and
Pb(ll) on Nak limestone adsorbents. Consequently, the
results suited the Freundlich model better than the Langmuir
model. It indicates that the active sites on the surface of Nak
are homogeneous and adsorb Pb*? and Cd*? ions in a
multilayer adsorFigure 6ption manner. It can be surmised
that the conventional Nak -Limestone captures Pb?* and Cd*?
ions mainly through the interlayer COO- anion, which is
accompanied by precipitation and chelation reactions and
exhibits multilayer adsorption . At this point it is important
to provide some comments about the use of linear forms of
the Langmuir isotherm as shown in Fig6 a,b. It can describe
different forms of Langmuir model using variable ge for the
definition of both independent and dependent variables,
which may lead to inconsistent definition of measurement
fluctuations.

m (Pb )C:a/Qe(Pb 1) '

y = Linear Fit

a R? =0.999

Equation : -
Y=0.52+0.21 X

Ce/Qe

Ce (ppm)
12 T T T
m (Cd)Ce/Qe()
— Linear Fit
10 4 R? =0.997
Equation : -

Y=0.54 +0.16 X

Ce/Qe

Ce (ppm)

Fig6: Langmuir isotherm for Pb(II) removal and (b)
for Cd(II) with various initial solution concentrations
using Nak limestone (c) .
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3.4.4. Wastewater treatment

Lime allows water to be softened, purified, have its
cloudiness eliminated, its acidity to be neutralized and its
impurities to be eliminated.

Table (3): Adsorption processes for wastewater sample by Nak-Limestone

cation Wastewater before Wastewater after
adsorption by adsorption by Lamiston
Lamiston

Pb*2 0.466ppm 0.207ppm

Conclusion

The adsorption efficiency of yemeni limestone was
invistgated . The ICP-OES analysis was applied to
determine the removal percentage of the Cd(l1) and Pb(l1I)
ions using the adsorption process. Results show that the
limestone was efficient for removing Pb (1) and Cd (I1)
ions with efficiencies of 99 %, and 98.5 % respectively.
The adsorption of Cd(11) and Pb(Il) ions onto limestone
obeyed the Frendlich model due to electrostatic affinity.
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