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REMOVAL OF COPPER (II) FROM AQUEOUS SOLUTION USING DOLOMITE AS NEW GEOPOLYMER ADSORBENT

BASED ALKALI ACTIVATED MATERIAL

This study evaluates the effectiveness of dolomite as the primary material in geopolymer adsorbent for removing copper ions
from aqueous solutions. Dolomite is an alkali-activated material (AAM) known for its ability to adsorb harmful elements like copper
ions in wastewater, thanks to its distinctive composition and structure. This material is considered a cost-effective adsorbent due to
its abundance and global availability. However, there is limited research on using dolomite as an adsorbent to eliminate heavy metals
from wastewater, and no studies have explored producing dolomite as the primary material for geopolymer adsorbents. The aim of
this study is to assess the effectiveness and capabilities of dolomite in producing a high-quality geopolymer adsorbent based AAM
for adsorbing copper ions. Otherwise, this material was examined for characterization techniques using X-ray diffraction (XRD),
Scanning electron microscopy (SEM), and Fourier transform infrared (FTIR) to analyse the structural and morphological changes for
synthesizes geopolymer. Various parameters, such as the solid-to-liquid ratio (2, 2.5, 3) and the alkali activator ratio (1.5, 2, 2.5, 3),
influenced the removal efficiency. The results showed that dolomite based geopolymer adsorbent demonstrated superior removal
performance compared to raw dolomite. The highest copper ion removal efficiency was achieved with a solid-to-liquid (S:L) ratio
of 2.5 and an alkali activator ratio of 2.5, resulting in a removal efficiency of 46.92% and an adsorption capacity of 181.33 mg/g.
The Langmuir isotherm provided a more accurate fit than the Freundlich isotherm, indicating a monolayer adsorption on the sur-
face. The results showed that dolomite may effectively be used as a geopolymer adsorbent to remove copper ions from wastewater.
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1. Introduction

Environmental pollution, especially from heavy metals in
wastewater, is the biggest problem in Malaysia [1,2]. Heavy
metal pollution from the aquatic environment is a worldwide
issue since these metals are durable and, at high concentration,
have detrimental effects on living creatures. Otherwise, the rapid
development of an industrial society has led to a significant in-
crease in the demand for water that is free of contaminants [3].
However, industrial wastewater has tremendously harmful ef-
fects on the environment. Heavy metals usually produced from
various activities such as mineral extraction, water treatment,
metal casting, metal coating, battery manufacturing, nuclear
industry, and nuclear power generation [4]. In addition, when
heavy metals enter the food chain on a large scale, it can make
heavy metals accumulate in the human body. Even in low con-
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centrations, heavy metals have dangerous effects on health [5,6].
Common toxic heavy metals in wastewater include arsenic
(As), lead (Pb), copper (Cu), mercury (Hg), cadmium (Cd),
and iron (Fe). Therefore, all of these toxic heavy metals must
be removed from wastewater to ensure clean water and safe
pollution for human society.

In response to the environmental concerns produced by con-
tamination of water, some researchers have dedicated themselves
to the creation of wastewater treatment technologies. So far, a lot
of efficient technologies have been studied for the elimination
of heavy metals, including chemical precipitation, ion exchange,
reverse osmosis, electrodialysis, ultrafiltration, nanofiltration,
coagulation flocculation, and many more [7-12]. However,
these methods have several drawbacks, such as high reagent
requirements, unpredictable removal of metal ions, generation
of toxic sludge, and complicated procedure [13,14]. The adsorp-
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tion process, considered highly straightforward, affordable,
and efficient, has shown to be the most favoured approach for
eliminating harmful pollutants from wastewater [15,16]. As sup-
ported by Rashid et al. [7] pointed out that adsorption process
is a very straightforward production, environmentally friendly,
inexpensive and beneficial to the environment that is different
from other existing procedures for wastewater treatment. How-
ever, high performance of adsorption process mainly depend on
the effective adsorbent including small size of the adsorbent,
large area of surface, and uniform pore size [17].

Adsorbents can be made from minerals, shellfish, starch,
tree bark, industrial and agricultural wastes. However, the
production of some adsorbents is complicated, expensive, and
not suitable for large-scale production use [18-20]. In addition,
there are some problems, such as high environmental require-
ments, limited application of the adsorbent and poor selectivity
in practical application [14,21,22]. Therefore, materials with low
price, abundant raw materials and simple preparation are very
competitive for widespread use as adsorbent. Hence, a few in-
teresting and outstanding materials have been investigated lately
namely geopolymer production. Although the most research
on geopolymer focuses on the topic of concrete-based applica-
tion, presently they are regarded as a feasible alternative for
adsorption use in aqueous solutions. Researchers have explored
arelatively new material composed of alkali-activated materials
(AAMs) also known as geopolymer because it has exceptional
properties for the removal of pollutants by adsorption processes
[23-25]. Besides, geopolymer adsorbent can be considered as
an environmentally friendly substance as it can be synthesized
using recyclable materials and by products [26].

Geopolymer is an inorganic polymeric substance made of
aluminosilicate network structure, and its effectiveness for elimi-
nating contaminants from wastewater has been revealed lately.
Geopolymer is reported to be efficient to eliminate contaminants
from effluent by adsorption process, in which the pollutants
are trapped onto the surface of geopolymer [27]. Furthermore,

geopolymers have several other advantages such as excellent
toughness, acid and alkaline resistance, thermal stability, and ef-
fective solidification of toxic waste [28]. Various types of alumi-
nosilicate materials are commonly used as raw materials for the
geopolymers that is rich in silica and alumina contents includes
metakaolin, fly ash, blast furnace slag, red mud and perlite which
ultimately achieve a different performance of adsorption. Fig. 1
illustrates the adsorption process using geopolymer materials
to remove various pollutants. Cheng et al. [28] examined the
adsorption of several heavy metals such as Pb>*, Cu?*, Cr**, and
Cd*" under discrete experimental conditions in recent years. The
following adsorption capacities were achieved: Pb*" = 86.2 mg/g,
Cu?" =40.9 mg/g, Cr*" = 9.8 mg/g, and Cd*" = 68.9 mg/g with
the optimal pH at 5. Wang et al. [29] investigated a fly ash-based
geopolymer for Cu?" removal from an aqueous solution. The
adsorption capacity was 92 mg/g, which is significantly greater
compared to the natural fly ash and natural zeolite. It has been
proven that geopolymer adsorbents outperform raw materials
in terms of removal efficiency of heavy metals.

There are many different adsorbents from diverse natures
can be employed either in unmodified or modified form to
eliminate hazardous heavy metal ions from wastewater [31-34].
The selection of precursor material for the development of
low-cost AAMs adsorbents depends on numerous aspects. The
precursor material must be publicly available, affordable, and
non-toxic [35-37]. Adsorbents made from carbonate minerals
for the elimination of contaminants such as heavy metals have
been the goal of numerous study in the development of cheaper
and simpler removal technologies [3,38,39]. In the past few
years, researchers have identified that dolomite is one of the
carbonate materials group, and an affordable natural mineral,
has an excellent capacity for adsorption of boron [40], arsenic
[41,42], phosphate [43-46], and lead [47]. Dolomite is relatively
common minerals may be found over the world especially in
Indonesia, Canada, Switzerland, Mexico and Spain. In general,
dolomite is lightweight and can be effortlessly crushed into finer
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Fig. 1. The process of adsorption using geopolymer materials to remove various pollutants in different material form [30]



particles, making it a simple and cheap material to obtain [48,49].
In addition, dolomite mineral can be used as a raw material for
geopolymer composites due to their chemical composition and
unique structure [50]. However, the use of dolomite as a main
precursor material in the geopolymer field is still new and at an
early stage of research, and only few researchers have conducted
studies on the suitability of dolomite for use in geopolymers
in term of mechanical strength [51-56]. Therefore, this paper
aims to discover the effectiveness and capabilities of dolomite
as the main precursor of geopolymer adsorbents based on alkali
activated materials to remove copper ions from wastewater by
adsorption process. In addition, dolomite was characterized in
its raw state, before and after geopolymerization by using X-ray
diffraction (XRD), Scanning electron microscope (SEM) and
Fourier transform infrared (FTIR). Besides that, behaviour of the
adsorption process under different conditions, including the sol-
id-to-liquid ratio and the alkali activator ratio, was studied. Both
Langmuir and Freundlich models were applied to evaluate the
adsorption isotherm of copper ions in the prepared geopolymer.

2. Materials and methods
2.1. Materials

Dolomite samples were supplied by Perlis Dolomite
Industries (PDI) Sdn Bhd, Padang Besar, Perlis, Malaysia.
Dolomite is usually soft and can be easily crushed into fine
particles, making it a simple and inexpensive material. At the
first stage, the dolomite samples are dried in the oven at 100°C
about 24 hours in order to eliminate the amount of moisture.
Then, the raw material is sieved through 300 micrometres (um)
to obtain fine particles and then used to prepare the synthesis
of geopolymer [57]. Furthermore, some chemical reagent used
for the entirely of the experiment for alkali activator solution
are sodium hydroxide (NaOH) and sodium silicate (Na,SiO5)
while Cu?" sulphate pentahydrate (CuSO,-5H,0) is used for
copper stock solution.

2.2. Instrumentation

The phase identification of geopolymer was investigated
using the Brucker D2 phaser X-ray Diffractor (XRD). The ana-
lytical apparatus was installed at 49 kV and 35 mA. The phase
was detected at a 26 value from 10° to 90° with a scan speed of
0.01°/s. The obtained sample was analyzed using X’pert High-
score Plus software to ascertain the phase of the geopolymer
samples. The microstructure and surface elements distribution of
geopolymer materials adsorbents before and after adsorption was
examined using a Scanning Electron Microscope (SEM) JEOL
JSM-6460LA connected with an energy-dispersive detector at
an acceleration energy of 15 keV. Sputter-coater Q150R S was
applied for covering the element by conductive substance made
from gold about one minute in order to prevent the electron
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charge during analysis in SEM. The copper ions concentration
fluctuations were assessed using Atomic Absorption Spectrosco-
py (AAS) with a Perkin Elmer Analyst 800 model. The acquired
data were used to assess the efficiency of removing copper ions.

2.3. Preparation of copper ions solution

Stock solution of copper can be produced by dissolving
3930 mg of Cu®" sulphate pentahydrate (CuSO,-5H,0) in
1000ml of pure water in a 1000 ml beaker to produce 1000 ppm
copper stock solution [58]. Then, the copper stock solution is
dilute with distilled water to produce 500 ppm for initial copper
concentration.

2.4. Synthesis of dolomite

According to theory, any of the alkali can be employed in
polymerization reactions; nevertheless, numerous studies have
concentrate on the impact of sodium (Na") ion [57]. Sodium
ions, especially in the form of NaOH and Na,SiOs, are crucial
elements that impact the reactivity, alkalinity, compressive
strength, and overall rate of the polymerization process [56].
Their presence and concentration significantly influence the
characteristics and performance of geopolymers. For this rea-
son, both NaOH and Na,SiO; are utilized in this research for
geopolymer production. A defined amount of dolomite sample
was mixed with a strong alkali activator solution which are
NaOH and Na,SiO; to produce a geopolymer synthesis based
on alkali activated materials. For this study, the alkali activator
was prepared as a liquid part using 10 M NaOH and Na,SiO;
with a different modulus ratio of Na,SiO;:NaOH as a variable
parameter of mix design. The alkali activator was applied and
combined uniformly with the precursor to produce an alumino-
silicate geopolymer adsorbent paste according to the prescription
in TABLE 1. TABLE 1 displayed the values of parameter used
during synthesize dolomite as geopolymer adsorbents in term
of S:L ratio and alkali activator ratio.

Next, the obtained product was cured in the oven at constant
temperature for 2 days at 80°C [57,58]. Then, the cured geopoly-
mer paste was crushed with a porcelain mortar and washed three
times with distilled water with the pH of the wash water was
7.0+0.5. After washed, powder was passed through sieving to
get particles with a diameter of <300 pm, which is then suitable
for the process of sorption.

TABLE 1
The value of mix design use to produce geopolymer
adsorbent
Raw material Na,Si03;:NaOH S:L
13 20
Dolomite ’ 2.5
2.5 30
3.0 )
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2.5. Batch adsorption

For the batch adsorption experiment, a constant amount of
the geopolymer adsorbent was mixed with 100 ml of the prepared
copper solution and shaken at 220 rpm for 1 hr. Finally, the ad-
sorption efficiency of the geopolymer adsorbent was compared
with the reference sample prepared before process of adsorption.
Copper concentration in the obtained solution was measured
by AAS and the removal percentage and the uptake capacity
were calculated. The percentage removal efficiency (RE) was
calculated using the following equation [59]:

G -C x100% (1)

RE =
0

where Cj is the initial concentration of copper (ppm) and C, is
the remaining equilibrium copper concentration (ppm).

The quantity of copper ion uptake by the geopolymer was
determined as [59]:

C,-C,)xV

g GG @
m

where ¢ is the quantity of copper ion uptake by geopolymer phase

(mg (metal)/g (geopolymer)), Vis the volume of the solution (L)

and m is the mass of the adsorbent (g).

3. Results and discussion
3.1. XRD phase analysis

Dolomite with the chemical formula CaMg(COs), belongs
to the group of carbonate minerals. This mineral is in the form
of trigonal, rhombohedral crystals, which may be fine or micro-
crystalline. Dolomites can occur in different colour ranges from
white, grey, light brown, red, green to black [60,61]. In this study,
the colour of the dolomite sample is greyish white.

The XRD pattern of both dolomite and synthesized ge-
opolymer sample is shown in Fig. 2. The XRD scan shows the
sharpest diffractions for the dolomite phase and mention the
chemical compositions. The characterizations of dolomite are
analyzed according to different types, including raw dolomite,
and synthesized dolomite as geopolymer before and after adsorp-
tion process. It was found that raw dolomite (before geopoly-
merization process) indicates the presence of calcite (CaCO3)
and quartz (SiO,) as main minerals due to its high peak intensity
observed at 31.04°. The loss of ignition values means that do-
lomite has less carbonaceous components and a higher content
of mineral components [62,63]. Most of the dolomite samples
have an amorphous structure, which makes dolomite a reactive
material [64]. After geopolymerization process, it was found
that dolomite based on geopolymers (before adsorption) con-
tained additional minerals, namely halite (NaCI), quartz (SiO,)
and hematite (Fe,Oj3). This result shows that the geopolymer
successfully reacted to dolomite because the amount of silica

and sodium was distributed at the edge of the crystal particles.
Azimi et al [60] pointed out that the higher the content of silica
and alumina, the greater the effectiveness of the geopolymer.
Thus, it can be said that these identified minerals supported the
geopolymer structure on dolomite.
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Fig. 2. XRD pattern of raw dolomite and dolomite synthesized ge-
opolymer before and after adsorption (C-calcite, Q-quartz, He-Hematite,
Ha-Halite, Cr-corundum, B-bornite)

Unfortunately, changes in the structure and composition of
the dolomite samples were observed after the adsorption process.
The changes in the physicochemical properties of dolomite are due
to the influence of impurities of the sorbent. As a result of adsorbed
copper ions (II), the colour of dolomite changed from grey to blue,
and the spatial structure of this sorbent became more uniform.
The colour change can be attributed to the formation of copper
(IT) complexes on the surface of the dolomite or changes in the
crystal structure of the sorbent. In dolomite-based geopolymers,
the presence of corundum (Al,0O3) was detected after adsorption,
since dolomite is one of the metamorphic rocks, and presence of
copper ion sulphide (CusFeS,) proves the existence of copper ions
on the adsorbent dolomite. In conclusion, the presence of other
elements in the structure of natural dolomite proves the presence
of impurities on the surface of the adsorbent caused by repeated
processing, extraction and good adsorption properties [65].

3.2. SEM analysis

Scanning electron microscope (SEM) was used to observe
the surface features of powdered dolomite rock. The SEM analy-
sis of the dolomite as a raw material, dolomite based geopolymer
before and after adsorption process also were evaluated in this
study as shown in Fig. 3. From the image, it can be seen that raw
dolomite structure (Fig. 3(a)) is composed of a crystalline form
and its complex and porous surface texture. Also, the surface
morphology of dolomite was found to be rough and irregular.
The surface of dolomite has also many porosities which provide
good trapping places for copper ions. According to Tamjidi et
al. [66] have found that adsorbents with larger and wider porous
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Fig. 3. SEM results of dolomite as a a) raw material b) before adsorption process based geopolymer and ¢) after adsorption process based geopolymer

surfaces have a greater capacity to collect heavy metal ions,
hence increasing the material’s potential for sorption. In addition,
the microstructure of dolomite based geopolymer is shown in
Fig. 3(b). When dolomite is incorporated into geopolymers, the
alkaline activation process can alter its surface morphology. The
geopolymerization process involves the dissolution of alumino-
silicate precursors in an alkaline environment, followed by the
reorganization of the dissolved species into a three-dimensional
network structure. From the Fig. 3(b), it can be seen that most
of the particles in the geopolymer were surrounded by the ge-
opolymer gel.

In addition, based on microscopic dolomite images after
adsorption as shown in Fig. 3(c), showed that dolomite particles
changed into aggregates after the adsorption process, and a reduc-
tion in the porosity surface was observed. The findings indicate
that the dolomite particles undergone shape changes as a result
of the adsorption process, possibly as a result of the production
of adsorbate layers or the occlusion of pores. Furthermore, the
surface roughness of dolomite based geopolymer as can be
seen in figure can influence the wettability and, consequently,
the adsorption behaviour of the geopolymer. A rougher surface
can increase the contact area between the adsorbent and the
adsorbate, improving the efficiency of the adsorption process
[67]. Besides that, there are limited research on the dolomite
as geopolymer adsorbent that the surface morphology may be
compared and examined. As a conclusion, copper ions are ef-

ficiently removed from aqueous solutions by dolomite based
geopolymer which can be employ as a low-cost and excellent
alternative of adsorbent for wastewater treatment.

3.3. FTIR analysis

FTIR spectral analysis is used to analyse adsorbents and
identifies their functional groups therefore expected interactions
between the functional groups of adsorbents and the heavy metal
ions. In order to examine the mechanism of Cu adsorption, the
infrared spectra of natural dolomite based geopolymer adsorbent
before and after of adsorption were collected and results are
displayed in Fig. 4. The functional groups were determined by
using FTIR at a wavelength range of 600-4000 cm ™. As can be
observed from the Fig. 4, spectra of dolomite based geopolymer
before and after adsorption exhibits significant changes that
revealed the metal-binding process occurred at the surface of
dolomite as geopolymer adsorbent during adsorption process
which lastly effect the functional group.

From the Fig. 4, it can be seen that several peaks which
are attributed to the carbonate group were seen at (2169 cm™,
2008 cm',1421 cm™', and 867 cm‘l) for dolomite before ad-
sorption and changed after adsorption ( 2168 cm™, 2008 cm™,
1439 cm™', and 868 cm™). The changes of peaks intensity after
adsorption of copper ions implying that the metal binding pro-
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Fig. 4. FTIR spectra of the dolomite as geopolymer adsorbent before
and after adsorption

cess occurred at the active sites of dolomite during adsorption
process [68]. In term of dolomite sample after adsorption process
demonstrated that the peak wavenumbers seen at 3708 cm™!
were related to the present of hydroxyl groups (OH) stretching
in water. Similar with dolomite before adsorption procedure, the
peak at 3500 cm™! further substantiated the existence of hydroxyl
groups. This band is expressing the stretching and deformation
vibration of OH and H-O-H groups, respectively, from the
weakly-bound water molecules that were adsorbed on the surface
or trapped in the huge voids between the rings of the geopolymer
products. This is due to the dolomite is a double salt, therefore
it includes of double salt (CaMg(COs3),), which dissolving and
hydration phenomenon will occur in interaction with H,O [68].
Other than that, these findings demonstrated that Cu adsorption
onto dolomite based geopolymer may include complexing with
OH group in the adsorbent structure. However, in order to clarify
the mechanism of complexation in detail, it would be more
useful to analyse the region of metal-ametal bonds in depth for
dolomite structure. The major variations in the adsorption peak
frequencies may be related to the binding of the metal ions that
produce a variation in adsorption frequencies. The variations in
absorbance represent that there were metal-binding reactions
taking place on the active sites of the adsorbents. Below than
1000 cm! spectra indicate that certain functional group bands
are shifting. The shifts occurred after heavy metal ions uptake,
implying that the process of metal-binding happened on the ac-
tive sites during the adsorption process. The ionizable functional
groups which are shown in FTIR spectra analysis can interact
with cations; this demonstrates that these functional groups may
be useful in the removal of positively charged copper ions from
solution. This statement also were supported by past study of
Darweesh et al. [69]. To conclude, the FTIR image of the dolo-
mite showed a diminish in peak intensity after interaction with
metal ions. As mentioned by Khoshraftar et al. [68], this might
be due to the interaction between species of metal ions and the
functional groups of dolomite.

3.4. Effect of S:L ratio and alkali activator ratio

The removal efficiency of copper ions for natural dolomite
and dolomite-based geopolymer adsorbent was examined under
the following conditions: pH (5), 500 ppm as the initial Cu**
concentration, 60 min contact time, and 0.15 g adsorbent dosage.
The experiment’s findings demonstrated that the production of
dolomite-based geopolymers has a greater capacity to adsorb
copper ions compared to raw dolomite. From the result, the
removal efficiency of raw dolomite is lower at 14.53%, with an
adsorption capacity of 56.17 mg/g. Al-Zboon et al. [70] evalu-
ated the performance of a crystalline geopolymer produced from
fly ash, which exhibited higher removal efficiency of copper
ions versus pure fly ash. The synthesized fly ash achieved high
removal efficiency up to 99%. Similarly, in a study, Kara et al.
[71] investigated the performance of metakaolin-based geopoly-
mers for the removal of manganese and cobalt ions, which were
eventually removed up to 75% successfully.

Fig. 5 shows the removal efficiency of copper ions by
different solid-to-liquid (S:L) ratios and alkali activator ratios.
From the graph, it can be seen that the adsorbent efficiency
increases linearly with increasing S:L ratio and alkali activator
ratio. To explain, increasing dolomite content by increasing S:L.
ratio at 2.5 improved the reaction between the alkali activator
and the aluminosilicate materials which enhanced the geopoly-
merization process [72]. Other than that, uses an ideal S:L ratio
can produce better strength due to increase in workability of the
alkali activated mixer [73,74]. However, when the S:L ratio and
alkali activator ratio reaches 2.5, the removal efficiency starts to
decrease. This may be due to the fact that the solid precursors
do not dissolve properly because of the higher S:L ratio due to
the lack of alkali solution in the matrix, resulting in inefficient
hydrolysis reactions and gel formation [75]. Furthermore, higher
alkali molarities resulted in mitigating drying shrinkage which at

Removal efficiency (%)

15 2 25 3
Alkaline activator ratio

Fig. 5. Effect of different S:L ratio and alkali activator ratio by geopoly-
mer adsorbent on copper ions removal efficiency



the end will affect the performance of adsorption [76]. The finding
of the study determines that the optimum mix design for dolomite
as geopolymer adsorbent is achieved at S:L ratio 2.5 and alkali
activator ratio 2.5. The highest removal is achieved at 46.92% with
an adsorption capacity of 181.33 mg/g. Therefore, it is expected
that dolomite based geopolymer adsorbent reveal high removal
efficiency copper ions compared to raw dolomite. This result
may be assigned to transformation from crystalline structure of
dolomite material into amorphous one leading to production of
more porous structure favouring adsorption of copper ions [65,68].

3.5. Sorption isotherms

Sorption isotherms are necessary in order to investigate the
nature of the relationship between metal ion and the synthesized
geopolymer and are beneficial in improving its application as
a sorbent. Two isotherm models were applied in this study to
determine the sorption capacity of the synthesized geopolymer.

3.5.1. Langmuir isotherm

Langmuir isotherm is one of the most widely used models
to investigate the adsorption mechanism. The assumptions of
this model include: the adsorbent surface is in contact with the
adsorbate present in solution, the surface of the adsorbent con-
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tains a number of active sites on which the adsorbate adsorbed,
and, lastly, the adsorption involves the attachment of only one
molecular monolayer on adsorbate surface [34]. The most com-
mon variant of this model is given by the following equation
accordingly by Bany-Aiesh et al [77]:

C 1 C
N ®)
Qe Qmaxb Qmax

where C, is the equilibrium concentration (mg/L), O, is the equi-
librium adsorption capacity (mg/g), Onax 1S represent maximum
monolayer capacity of the adsorbent, while b is the Langmuir
adsorption constant. As mentioned by Benjelloun et al. [78],
this equation called as Lineweaver-Burk is one of the four linear
forms of the Langmuir model.

According to the aforementioned equation, a plot of
C./Q, versus C, will provide a straight line with a positive
slope of (1/(Omax)) and an intercept of (1/Q0paxb). Other than
that, Langmuir model was evaluated at varied S:L ratio of 2,
2.5 and 3. Otherwise, the importance of this isotherm is to
explain the adsorption process by proven the value of correla-
tion coefficient R2. It was discovered that the adsorption data
fits the Langmuir model with correlation coefficients between
0.99728 and 0.9989 for the tested mix design of geopolymer
as shown in TABLE 2 and Fig. 6. As both S:L ratio and alkali
activator ratio increase, the adsorption capacity increase reach-
ing the greatest value of 75.53 mg/g at a S:L ratio 2.5 and alkali
activator ratio 3. It is acknowledged that a high solid to liquid

. Solid to liquid ratio = 2.5:1
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Fig. 6. Experimental isotherm for removal Cu (II) by geopolymer adsorbent using Langmuir isotherm plots
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content and alkali activator solution in geopolymer adsorbent
will raise the pore intrinsic characteristics which at the end
will enhance the potential of the metal being adsorbed onto the
sorbent and lastly improve the capacity for adsorption [79]. As
indicated by Liu et al. [80] established that geopolymer has the
same adsorption processes as zeolite and faujasite block ma-
terials. These findings suggests that geopolymer manufacture
can be energy-saving, low-cost and environmentally benign
technique in adsorbent manufacturing. The characteristics
of the Langmuir isotherm can be expressed in terms of a di-
mensionless equilibrium parameter (R;) which is defined by:

1
1+bCi

R, “4)
where Ci is the initial concentration of metal ions (mg/L) and b
is Langmuir constant (L/mg). R; number represents the nature
of adsorption system as unfavourable (R; > 1), linear (R; = 1),
favourable (0 < R; < 1) and irreversible (R; = 0). The results
obtained for the values of R; were found to be 0 for each S:L
ratio of 2, 2.5 and 3. The separation factor (R;) is assumed as
0 and reflects an irreversible adsorption. This result explains the
chemical bonds between adsorbate and surface of adsorbent.
As validated by Khoshraftar et al. [68] stated that heavy metal
adsorption using dolomite usually takes place by chemical ad-
sorption by monolayer uniform sorption which indicates the
adsorption mechanism is followed by a Langmuir isotherm.
Usually, this chemisorption between dolomite and Cu** required
high temperature and activation energy to be adsorbed.

Solid to liquid ratio = 2:1

© 2.20 -
o
[
S 218
¥ = 6.48446 -1.68969x
2.16
2.14
212 . . .
2.54 2.55 2.56 2,57 2.58
Log Ce
Solid to liquid ratio = 3:1
2.26
2.24 4
222+ y = 5.80518 - 1.4229x
© 2.20 4
(s
g
=218
2.16 4
2.14 4
212 ; T T
2.51 252 253 2.54 2.55
Log Ce

TABLE 2

Langmuir isotherms for adsorption of Cu (II) onto dolomite
as geopolymer adsorbent

Langmuir Model
S:L Oinax (g/2) b R? R,
2 53.28 5.0730 0.9989 0
2.5 53.28 5.0730 0.9973 0
3 75.53 9.4571 0.9983 0

3.5.2. Freundlich isotherm

The Freundlich isotherm is an empirical model used to
describe the adsorption in aqueous systems. It consists of a het-
erogeneous adsorption surface and active sites with various
energies. The numerical expression of this theory is shown in the
following equation [81]:

logQ, =log kf+llog C, 5)
n

where k£f and n are the Freundlich constant which represent the
relative sorption capacity and sorption intensity accordingly.
The plot of logQ, against logC, as shown in Fig. 7 produces
straight lines with intercept kf, related to the adsorption capac-
ity and a slope of 1/n. Similar to Langmuir model, Freundlich
isotherm was investigated for S:L of 2, 2.5 and 3. The obtained
value of parameter in Freundlich isotherm are given in TABLE 3.
The R? values varied between 0.9928 and 0.9987 which suggests

Solid to liquid ratio = 2.5:1
2.26

2.24 4

2224 y = 5.38836 - 1.25764x

@ 2.20
¢}
g
—1 2.18 1
2.16
2.14
212 T T T T T
248 249 2.50 2.51 2.52 2.53
Log Ce

Fig. 7. Experimental isotherm for removal Cu (II) by geopolymer adsorbent using Freundlich isotherm plots



that Freundlich model is also adequate to describe the adsorption
of Cu?" on the geopolymer adsorbent. However, the slope from the
plotted graph was found to be negative, showing that the adsorp-
tion behaviour of the studied system does not follow the theory on
which the Freundlich technique is based. Furthermore, the n value
reflects the degree of non-linearity over solution concentration and
adsorption as follow: If n = 1, then adsorption is linear; if n < 1,
then adsorption is a chemical process; and if # > 1, then adsorp-
tion is a physical process. For this research, the n values were
obtained are —0.59, —0.80 and —0.70 with S:L ratio 2, 2.5 and 3,
respectively. To be assume as n value is less than 1, the process
demonstrates the chemical adsorption. To conclude, for the two
research isotherms, Langmuir adsorption isotherm model revealed
more substantial correlation (R> = 0.9982) than Freundlich iso-
therm model (R* = 0.9965) which represent monolayer adsorption.

TABLE 3

Freundlich isotherms for adsorption of Cu (II) onto dolomite
as geopolymer adsorbent

Freundlich Model
S:L n kf R?
2 -0.59 3.05%10° 0.9993
2.5 ~0.80 2.44x10° 0.9978
3 -0.70 6.39x10° 0.9987

4. Conclusions

This research was focused on the synthesis of dolomite
based geopolymer and its adsorption characteristics toward cop-
per ions elimination. The resulting geopolymer was found to be
very amorphous. It was also revealed that the adsorption capacity
of the synthesized dolomite as geopolymer is high compared to
that raw dolomite. From the economic and ecological point of
view, this application provides an effective technique to handle
the problem of accumulation of dolomite as waste material.
Dolomite, a natural substance, may be regenerated, recycled,
and reused as an adsorbent, making it suitable for the circular
economy. The study conducted by El Messaoudi et al. [82] in-
dicated that the regeneration process of adsorbents made from
natural materials involves the removal of adsorbed substances
using certain eluents. This technique enables the adsorbents to
be used for several cycles, hence improving their sustainability.
Hydrochloric acid, methanol, and Fenton’s reagent are employed
as desorbing agents throughout the regeneration process to effec-
tively eliminate contaminants. The regeneration procedure often
entails subjecting the adsorbents to elevated temperatures in an
inert atmosphere or employing microwave heating techniques.
These approaches facilitate the release of volatile chemicals and
restore the adsorbents for subsequent utilization. To sum up, do-
lomite-based adsorbents provide a cost-efficient and eco-friendly
remedy for water purification. By implementing precise desorp-
tion processes, these adsorbents can be efficiently recycled, hence
promoting sustainable environmental practices. Therefore, it
is widely recommended to be a suitable alternative adsorbent
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compared to many other sorbents given its unique structure. The
sorption properties of copper ions from aqueous solutions were
investigated under different conditions utilizing batch method.
It is concluded that the synthesized dolomite as geopolymer in
this study can be used as a novel sorbent for removal of copper
ions from aqueous solutions. The influence of S:L ratio and alkali
activator ratio on copper ions metal ions absorption demonstrated
that the adsorption efficiency rises as the synthesized geopoly-
mer dose increases. To conclude, the best sorption efficiency
was attained at S:L ratio 2.5 and alkali activator ratio 2.5 under
experimental conditions (contact time: 60 min, agitation speed:
220 rpm and adsorbent dosage: 0.15 g). From the findings of
kinetic investigations, it was established that the adsorption
process followed by Langmuir isotherm fit perfect for the adsorp-
tion of copper ions utilizing dolomite as geopolymer adsorbent.
Maximum adsorption capacity determined by the Langmuir
isotherm model was found to be 75.53 mg/g. Correlation plot
data revealed a strong correlation coefficient of 0.9982, indicating
that the solid-solution suitable for adsorption process prediction.

Acknowledgements

The authors gratefully acknowledge the Centre of Excellence Geopolymer
and Green Technology (CeGeoGTech), School of Material Engineering,
Universiti Malaysia Perlis for their expertise and support. We would like to
thank the Ministry of Education, Malaysia, for their financial support of this
study through Fundamental Research Grant Scheme (FRGS) FRGS/1/2020/
TKO0/ UNIMAP/01/2. Lastly, we would like to acknowledge the reviewer(s)

for the helpful advice and comments provided.

REFERENCES

[1] M. Silva, I. Shaikhiev, K. Shaykhieva, S. Sverguzova, E. Fomina,
Y. Vinogradenko, R. Fediuk, M. Amran, A.P. Svintsov, A. Rangel
Garcez De Azevedo, M. Gunasekaran, Removing Pollutants from
Sewage Waters with Ground Apricot Kernel Shell Material. Ma-
terials (Basel). 15 (2022) 3428.

DOI: https://doi.org/10.3390/mal15103428

[2] J. Wang, Reuse of Heavy Metal from Industrial Effluent Water.
IOP Conf. Ser. Earth Environ. Sci. 199 (2018).

DOTI: https://doi.org/10.1088/1755-1315/199/4/042002

[3] N.A.A.Qasem, R.H. Mohammed, D.U. Lawal, Removal of heavy
metal ions from wastewater: a comprehensive and critical review.
Clean Water. 4 (2021).

DOT: https://doi.org/10.1038/s41545-021-00127-0

[4] A.A.Beni, A. Esmaeili, Biosorption, an efficient method for re-
moving heavy metals from industrial effluents: A Review. Environ.
Technol. Innov. 17, 100503 (2020).

DOI: https://doi.org/10.1016/j.eti.2019.100503.

[S] M. Hua, S. Zhang, B. Pan, W. Zhang, L. Lv, Q. Zhang, Heavy
metal removal from water/wastewater by nanosized metal oxides:
A review. J. Hazard. Mater. 211-212, 317-331 (2012).

DOI: https://doi.org/10.1016/j.jhazmat.2011.10.016



1256

(6]

(7]

(8]

(9]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

J. Baby, J.S. Raj, E.T. Biby, P. Sankarganesh, M.V Jeevitha,
S.U. Ajisha, S.S. Rajan, Toxic effect of heavy metals on aquatic
environment. Int. J. Biol. Chem. Sci. 4, 939-952 (2010).

M. Rashid, R. Shafiq, I. Akhter, P. Igbal, M.J. Hussain, A state-
of-the-art review on wastewater treatment techniques: the effec-
tiveness of adsorption method. Environ. Sci. Pollut. Res. 28 (8),
9050-9066 (2021).

A.Zheng, C. Zhao, L. Zhou, X. Fu, Z. Li, Treatment technologies
for organic wastewater. Water Treat. 11, 250-286 (2013).

I.A. Saleh, N. Zouari, M.A. Al-Ghouti, Removal of pesticides
from water and wastewater: Chemical, physical and biological
treatment approaches. Environ. Technol. Innov. 19, 101026 (2020).
DOI: https://doi.org/10.1016/j.eti.2020.101026

L. Shao, G.Q. Chen, Water footprint assessment for wastewater
treatment: Method, indicator, and application. Environ. Sci. Tech-
nol. 47, 7787-7794 (2013).

DOI: https://doi.org/10.1021/es402013t

W.S. Chai, J.Y. Cheun, P.S. Kumar, M. Mubashir, Z. Majeed,
F. Banat, S.H. Ho, P.L.. Show, A review on conventional and novel
materials towards heavy metal adsorption in wastewater treatment
application. J. Clean. Prod. 296, 126589 (2021).

DOIL: https://doi.org/10.1016/j.jclepro.2021.126589

M.A. Dutt, M.A. Hanif, F. Nadeem, H.N. Bhatti, A review of ad-
vances in engineered composite materials popular for wastewater
treatment. J. Environ. Chem. Eng. 8, 104073 (2020).

DOIL: https://doi.org/10.1016/j.jece.2020.104073

A. Anazi, M.; Abdulazeez, 1.; Al Hamouz, O.C.S. Selective,
A K. Badawi, H.E. Emam, G.Z. Kyzas, M. Al Anazi, I. Abdula-
zeez, O. Charles, S. Al Hamouz, Selective Removal of Iron, Lead,
and Copper Metal lons from Industrial Wastewater by a Novel
Cross-Linked Carbazole-Piperazine Copolymer. Polymers (Basel).
14, 2486 (2022). DOI: https://doi.org/10.3390/polym14122486
S. De Gisi, G. Lofrano, M. Grassi, M. Notarnicola, Characteristics
and adsorption capacities of low-cost sorbents for wastewater
treatment: A review. Sustain. Mater. Technol. 9, 10-40 (2016).
DOIL: https://doi.org/10.1016/j.susmat.2016.06.002

T.K. Naiya, A.K. Bhattacharya, S.K. Das, Adsorption of Cd(Il)
and Pb(II) from aqueous solutions on activated alumina. J. Colloid
Interface Sci. 333, 14-26 (2009).

DOI: https://doi.org/10.1016/].jcis.2009.01.003

K.S. Padmavathy, G. Madhu, P.V. Haseena, A study on Effects of
pH, Adsorbent Dosage, Time, Initial Concentration and Adsorp-
tion Isotherm Study for the Removal of Hexavalent Chromium
(Cr (VI)) from Wastewater by Magnetite Nanoparticles. Procedia
Technol. 24, 585-594 (2016).

DOIL: https://doi.org/10.1016/j.protcy.2016.05.127

T.M. Ting, H. Hoshina, N. Seko, M. Tamada, Removal of boron
by boron-selective adsorbent prepared using radiation induced
grafting technique. Desalin. Water Treat. 51, 2602-2608 (2013).
DOI: https://doi.org/10.1080/19443994.2012.749054

G. Ungureanu, S. Santos, R. Boaventura, C. Botelho, Arsenic
and antimony in water and wastewater: Overview of removal
techniques with special reference to latest advances in adsorption.
J. Environ. Manage. 151, 326-342 (2015).

DOI: https://doi.org/10.1016/j.jenvman.2014.12.051

[19]

[20]

[25]

[26]

(28]

[30]

[31]

Z. Aghalari, H.U. Dahms, M. Sillanpai, J.E. Sosa-Hernandez,
R. Parra-Saldivar, Effectiveness of wastewater treatment systems
in removing microbial agents: A systematic review. Global. Health.
16, 1-11 (2020). DOI: https://doi.org/10.1186/s12992-020-0546-y
H. Merrikhpour, M. Jalali, Waste calcite sludge as an adsorbent
for the removal of cadmium, copper, lead, and zinc from aqueous
solutions. Clean Technol. Environ. Policy. 14, 845-855 (2012).
DOI: https://doi.org/10.1007/s10098-012-0450-0

T.H. Tan, K.H. Mo, S.H. Lai, T.-C. Ling, Geopolymer as an Ad-
sorbent in Wastewater Treatment Process. Encycl. Green Mater.
1-9(2022). DOLI: https://doi.org/10.1007/978-981-16-4921-9_50-1
A. Maleki, Z. Hajizadeh, V. Sharifi, Z. Emdadi, A green, porous
and eco-friendly magnetic geopolymer adsorbent for heavy metals
removal from aqueous solutions. J. Clean. Prod. 215, 1233-1245
(2019). DOL: https://doi.org/10.1016/j.jclepro.2019.01.084

N. Ariffin, M.M.A.B. Abdullah, R.R.M.A. Zainol, M.F. Murshed,
Geopolymer as an adsorbent of heavy metal: A review. AIP Conf.
Proc. 1885 (2017). DOI: https://doi.org/10.1063/1.5002224

L. Panda, S.K. Jena, S.S. Rath, P.K. Misra, Heavy metal removal
from water by adsorption using a low-cost geopolymer. Environ.
Sci. Pollut. Res. 27, 24284-24298 (2020).

DOI: https://doi.org/10.1007/s11356-020-08482-0

A. Maleki, Z. Hajizadeh, V. Sharifi, Z. Emdadi, A green, porous
and eco-friendly magnetic geopolymer adsorbent for heavy metals
removal from aqueous solutions. J. Clean. Prod. 215, 1233-1245
(2019). DOT: https://doi.org/10.1016/J.JCLEPR0O.2019.01.084
T.H. Tan, K.H. Mo, T.C. Ling, S.H. Lai, Current development of
geopolymer as alternative adsorbent for heavy metal removal.
Environ. Technol. Innov. 18, 100684 (2020).

DOI: https://doi.org/10.1016/j.eti.2020.100684

H. Castillo, H. Collado, T. Droguett, M. Vesely, P. Garrido, S. Pal-
ma, State of the art of geopolymers: A review. E-Polymers. 22,
108-124 (2022). DOI: https://doi.org/10.1515/epoly-2022-0015
T.W. Cheng, M.L. Lee, M.S. Ko, T.H. Ueng, S.F. Yang, The heavy
metal adsorption characteristics on metakaolin-based geopolymer.
Appl. Clay Sci. 56, 90-96 (2012).

DOI: https://doi.org/10.1016/j.clay.2011.11.027

S. Wang, L. Li, Z.H. Zhu, Solid-state conversion of fly ash to
effective adsorbents for Cu removal from wastewater. J. Hazard.
Mater. 139, 254-259 (2007).

DOI: https://doi.org/10.1016/j.jhazmat.2006.06.018

J. Xu, M. Li, D. Zhao, G. Zhong, Y. Sun, X. Hu, J. Sun, X. Li,
W. Zhu, M. Li, Z. Zhang, Y. Zhang, L. Zhao, C. Zheng, X. Sun,
Research and Application Progress of Geopolymers in Adsorption:
A Review. Nanomaterials 12, (2022).

DOI: https://doi.org/10.3390/nano12173002

A K. Tolkou, G.Z. Kyzas, I.A. Katsoyiannis, Arsenic(Ill) and
Arsenic(V) Removal from Water Sources by Molecularly Im-
printed Polymers (MIPs): A Mini Review of Recent Develop-
ments. Sustainability 14, 5222 (2022).

DOTI: https://doi.org/10.3390/su14095222

B.O. Otunola, O.0. Ololade, A review on the application of clay
minerals as heavy metal adsorbents for remediation purposes.
Environ. Technol. Innov. 18, 100692 (2020).

DOIL: https://doi.org/10.1016/j.€t1.2020.100692



(33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

(42]

[43]

[44]

[45]

[46]

S. Mishra, S.P. Mishra, Adsorption — desorption of heavy metal
ions Adsorption — desorption of heavy metal ions. Curr. Sci. 107,
601-612 (2014).

M. Bilal, 1. Thsanullah, M. Younas, M. Ul Hassan Shah, Recent
advances in applications of low-cost adsorbents for the removal
of heavy metals from water: A critical review. Sep. Purif. Technol.
278, 119510 (2021).

DOI: https://doi.org/10.1016/j.seppur.2021.119510

J. Davidovits, Properties of Geopolymer Cements. First Int. Conf.
Alkaline Cem. Concr. 131-149 (1994).

C.Y. Heah, H. Kamarudin, A.M. Mustafa Al Bakri, M. Lugman,
1. Khairul Nizar, Y.M. Liew, Potential application of kaolin without
calcine as greener concrete: A review. Aust. J. Basic Appl. Sci. 5,
1026-1035 (2011).

N. Nordin, M.M.A.B. Abdullah, M.F.M. Tahir, A.V. Sandu,
K. Hussin, Utilization of fly ash waste as construction material.
Int. J. Conserv. Sci. 7, 161-166 (2016).

M.A. Ahmadi, S.R. Shadizadeh, Experimental investigation of
adsorption of a new nonionic surfactant on carbonate minerals.
Fuel 104, 462-467 (2013).

DOI: https://doi.org/10.1016/j.fuel.2012.07.039

L. Joseph, B.M. Jun, J.R.V. Flora, C.M. Park, Y. Yoon, Removal
of heavy metals from water sources in the developing world using
low-cost materials: A review. Chemosphere 229, 142-159 (2019).
DOI: https://doi.org/10.1016/j.chemosphere.2019.04.198

K. Sasaki, X. Qiu, Y. Hosomomi, S. Moriyama, T. Hirajima, Effect
of natural dolomite calcination temperature on sorption of borate
onto calcined products. Microporous Mesoporous Mater. 171,
1-8(2013). DOL: https://doi.org/10.1016/j.micromeso.2012.12.029
Y. Salameh, N. Al-Lagtah, M.N.M. Ahmad, S.J. Allen, G.M. Walk-
er, Kinetic and thermodynamic investigations on arsenic adsorp-
tion onto dolomitic sorbents. Chem. Eng. J. 160, 440-446 (2010).
DOI: https://doi.org/10.1016/j.cej.2010.03.039

Z. Khashbaatar, S. Akama, N. Kano, H.J. Kim, Development of
a New Dolomite-Based Adsorbent with Phosphorus and the Ad-
sorption Characteristics of Arsenic (III) in an Aqueous Solution.
Water (Switzerland). 14, (2022).

DOI: https://doi.org/10.3390/w 14071102

F.L. Nugroho, L. Mulyatna, A.D. Wiranata Situmeang, Removal
of phosphate from synthetic aqueous solution by adsorption with
dolomite from padalarang. J. Eng. Technol. Sci. 46, 410-419
(2014). DOL: https://doi.org/10.5614/j.eng.technol.sci.2014.46.4.5
C. Mangwandi, A.B. Albadarin, Y. Glocheux, G.M. Walker,
Removal of ortho-phosphate from aqueous solution by adsorp-
tion onto dolomite. J. Environ. Chem. Eng. 2, 1123-1130 (2014).
DOIL: https://doi.org/10.1016/j.jece.2014.04.010

S. Karaca, A. Giirses, M. Ejder, M. A¢ikyildiz, Adsorptive removal
of phosphate from aqueous solutions using raw and calcinated
dolomite. J. Hazard. Mater. 128, 273-279 (2006).

DOIL: https://doi.org/10.1016/j.jhazmat.2005.08.003

J.Li, B. Li, H. Huang, X. Lv, N. Zhao, G. Guo, D. Zhang, Removal
of phosphate from aqueous solution by dolomite-modified biochar
derived from urban dewatered sewage sludge. Sci. Total Environ.
687, 460-469 (2019).

DOI: https://doi.org/10.1016/j.scitotenv.2019.05.400

[47]

[48]

[49]

[52]

[54]

[53]

[56]

[57]

[59]

1257

M. Irani, M. Amjadi, M.A. Mousavian, Comparative study of lead
sorption onto natural perlite, dolomite and diatomite. Chem. Eng.
J. 178, 317-323 (2011).

DOI: https://doi.org/10.1016/j.cej.2011.10.011

M. Hervy, R. Olcese, M. Bettahar, M. Mallet, A. Renard, L. Mal-
donado, D. Remy, G. Mauviel, M. Hervy, R. Olcese, M. Bettahar,
M. Mallet, A. Renard, Evolution of dolomite composition and
reactivity during biomass gasification. Appl. Catal. AGeneral.
572,97-106 (2019).

M.A.A. Mohammed, A. Salmiaton, W.A.K.G. Wan Azlina,
M.S. Mohamad Amran, Y.H. Taufig-Yap, Preparation and Char-
acterization of Malaysian Dolomites as a Tar Cracking Catalyst
in Biomass Gasification Process. J. Energy 2013, 1-8 (2013).
DOI: https://doi.org/10.1155/2013/791582

Carlos M. Pina, Reaction pathways toward the formation of do-
lomite. Am. Mineral. 100, 1017-1018 (2015).

A.S. Sauffi, W.M. Wan Ibrahim, R. Ahmad, N.A. Mohd Mortar,
F.A. Zaidi, W.W. Ahmad Zailani, A Review of Morphology
Analysis on Dolomite as an Additive Material in Geopolymer.
IOP Conf. Ser. Mater. Sci. Eng. 743 (2020).

(2015) DOT: https://doi.org/10.1088/1757-899X/743/1/012024
E.A. Azimi, M.A.A. Mohd Salleh, M.M. Al Bakri Abdullah,
LLH.A. Aziz, K. Hussin, J. Chaiprapa, P. Vizureanu, S. Yoriya,
M. Nabialek, J.J. Wyslocki, Effect of Naoh Molar Concentra-
tion on Microstructure and Compressive Strength of Dolomite/
Fly Ash-Based Geopolymers. Arch. Metall. Mater. 67, 993-998
(2022). DOI: https://doi.org/10.24425/amm.2022.139693

A. Syauqi Sauffi, W. Mastura Wan Ibrahim, M. Mustafa Al
Bakri Abdulla, R. Ahmad, F. Ahmad Zaidi, A. Victor Sandu,
Subaer, A Review of Carbonate Minerals as an Additive to Ge-
opolymer Materials. IOP Conf. Ser. Mater. Sci. Eng. 551, (2019).
DOI: https://doi.org/10.1088/1757-899X/551/1/012084

W. Lin, F. Zhou, W. Luo, T. Song, H. Li, Alkali-activated dolomite
and its outstanding mechanical strength. Mater. Lett. 270, 127682
(2020). DOI: https://doi.org/10.1016/j.matlet.2020.127682

M. Malacas, M.C. Balberan, N.A.J. Bederi, C.J. Ramos, M. Rato,
A.G. Salazar, E. Roque, The removal of copper (II) and lead (II)
from aqueous solution using Fuller’s earth and Fuller’s earth-
immobilized nanoscale zero valent iron (FE-NZVI) by adsorption.
MATEC Web Conf. 268, 05006 (2019).

DOIL: https://doi.org/10.1051/matecconf/201926805006

H. Cho, W. Cho, Y. Kim, J.G. Lee, J.H. Kim, Influence of residual
sodium ions on the structure and properties of poly(3,4-ethylened
ioxythiophene):poly(styrenesulfonate). RSC Adv. 8,29044-29050
(2018). DOI: https://doi.org/10.1039/c8ra05150;j

I. Kara, D. Yilmazer, S.T. Akar, Metakaolin based geopolymer
as an effective adsorbent for adsorption of zinc(II) and nickel(II)
ions from aqueous solutions. Appl. Clay Sci. 139, 54-63 (2017).
DOIL: https://doi.org/10.1016/j.clay.2017.01.008

Y. Ge, X. Cui, Y. Kong, Z. Li, Y. He, Q. Zhou, Porous geopolymeric
spheres for removal of Cu(Il) from aqueous solution: Synthesis
and evaluation. J. Hazard. Mater. 283, 244-251 (2015).

DOIL: https://doi.org/10.1016/j.jhazmat.2014.09.038

M.S. Al-Harahsheh, K. Al Zboon, L. Al-Makhadmeh, M. Hara-
rah, M. Mahasneh, Fly ash based geopolymer for heavy metal



1258

[60]

[61]

[63]

[64]

[67]

[68]

[69]

[70]

removal: A case study on copper removal. J. Environ. Chem. Eng.
3, 1669-1677 (2015).

DOIL: https://doi.org/10.1016/j.jece.2015.06.005

E.A. Azimi, M.M.A.B. Abdullah, L.Y. Ming, H.C. Yong, K. Hus-
sin, .LH. Aziz, Review of Dolomite as Precursor of Geopolymer
Materials. MATEC Web Conf. 78, (2016).

DOIL: https://doi.org/10.1051/matecconf/20167801090

M. Mehmood, Dolomite and dolomitization model — a short
review. Int. J. Hydrol. 2, (2018).

DOI: https://doi.org/10.15406/ijh.2018.02.00124

L.N. Tchadjie, S.O. Ekolu, Enhancing the reactivity of alumino-
silicate materials toward geopolymer synthesis. J. Mater. Sci. 53,
4709-4733 (2018).

DOIL: https://doi.org/10.1007/s10853-017-1907-7

M.K. Uddin, A review on the adsorption of heavy metals by clay
minerals, with special focus on the past decade. Chem. Eng. J.
308, 438-462 (2017).

DOI: https://doi.org/10.1016/J.CEJ.2016.09.029

Z. fang Cao, P. Chen, F. Yang, S. Wang, H. Zhong, Transforming
structure of dolomite to enhance its ion-exchange capacity for
copper(Il). Colloids Surfaces A Physicochem. Eng. Asp. 539,
201-208 (2018).

DOIL: https://doi.org/10.1016/j.colsurfa.2017.12.032

E. So¢o, A. Domon, D. Papciak, M.M. Michel, D. Pajak,
B. Cieniek, M. Azizi, Characteristics of Adsorption/Desorption
Process on Dolomite Adsorbent in the Copper(I1l) Removal from
Aqueous Solutions. Materials (Basel). 16, 4648 (2023).

DOI: https://doi.org/10.3390/mal6134648

S. Tamjidi, B.K. Moghadas, H. Esmaeili, F. Shakerian Khoo,
G. Gholami, M. Ghasemi, Improving the surface properties of
adsorbents by surfactants and their role in the removal of toxic
metals from wastewater: A review study. Process Saf. Environ.
Prot. 148, 775-795 (2021).

DOIL: https://doi.org/10.1016/j.psep.2021.02.003

X. Wang, Q. Zhang, Insight into the influence of surface roughness
on the wettability of apatite and dolomite. Minerals 10, (2020).
DOIL: https://doi.org/10.3390/min10020114

Z. Khoshraftar, H. Masoumi, A. Ghaemi, An insight into the
potential of dolomite powder as a sorbent in the elimination of
heavy metals: A review. Case Stud. Chem. Environ. Eng. 7, 100276
(2023). DOI: https://doi.org/10.1016/j.cscee.2022.100276

M.A. Darweesh, M.Y. Elgendy, M.I. Ayad, A.M.M. Ahmed,
N.M.K. Elsayed, W.A. Hammad, Adsorption isotherm, kinetic,
and optimization studies for copper (II) removal from aqueous
solutions by banana leaves and derived activated carbon. South
African J. Chem. Eng. 40, 10-20 (2022).

DOIL: https://doi.org/10.1016/j.sajce.2022.01.002

K. Al-Zboon, M.S. Al-Harahsheh, F.B. Hani, Fly ash-based ge-
opolymer for Pb removal from aqueous solution. J. Hazard. Mater.
188, 414-421 (2011).

DOLI: https://doi.org/10.1016/j.jhazmat.2011.01.133

[71]

[72]

[75]

[76]

[77]

(78]

[79]

(80]

[81]

(82]

1. Kara, D. Tunc, F. Sayin, S.T. Akar, Study on the performance
of metakaolin based geopolymer for Mn(II) and Co(II) removal.
Appl. Clay Sci. 161, 184-193 (2018).

DOT: https://doi.org/10.1016/j.clay.2018.04.027

E.A. Aizat, M.M.A. Abdullah, Y.M. Liew, C.Y. Heah, Dolomite/
fly ash alkali activated geopolymer strengths with the influence
of solid/liquid ratio AIP Conf. Proc. 2030 (2018).

DOTI: https://doi.org/10.1063/1.5066915

E.A. Azimi, M. Mustafa, A. Bakri, P. Vizureanu, S. Yoriya, K. Hus-
sin, I.H. Aziz, Strength Development and Elemental Distribution
of Dolomite/Fly Ash Geopolymer Composite under Elevated
Temperature. Materials (Basel). 13 (2020).

Y. Li, X. Min, Y. Ke, D. Liu, C. Tang, Preparation of red mud-
based geopolymer materials from MSWI fly ash and red mud by
mechanical activation. Waste Manag. 83, 202-208 (2019).

DOI: https://doi.org/10.1016/j.wasman.2018.11.019

S. Samantasinghar, S.P. Singh, Effect of synthesis parameters on
compressive strength of fly ash-slag blended geopolymer. Constr.
Build. Mater. 170, 225-234 (2018).

DOI: https://doi.org/10.1016/j.conbuildmat.2018.03.026

T. Omur, N. Kabay, N. Miyan, H. Ozkan, C. Ozkan, The effect
of alkaline activators and sand ratio on the physico-mechanical
properties of blast furnace slag based mortars. J. Build. Eng. 58,
(2022). DOI: https://doi.org/10.1016/j.jobe.2022.104998

R.B. and K.A.-S.D. Hashem Bany-Aiesh, Kinetics and Adsorption
Isotherm of Ibuprofen onto Grafted -CD/Chitosan Polymer. Am.
J. Appl. Sci. 12, (2015).

DOIL: https://doi.org/10.3844/ajassp.2015

M. Benjelloun, Y. Miyah, G. Akdemir Evrendilek, F. Zerrouq,
S. Lairini, Recent Advances in Adsorption Kinetic Models: Their
Application to Dye Types. The Author(s) (2021).

DOI: https://doi.org/10.1016/j.arabjc.2021.103031

T.R. Barbosa, E.L. Foletto, G.L. Dotto, S.L. Jahn, Preparation of
mesoporous geopolymer using metakaolin and rice husk ash as
synthesis precursors and its use as potential adsorbent to remove
organic dye from aqueous solutions. Ceram. Int. 44, 416-423
(2018). DOI: https://doi.org/10.1016/j.ceramint.2017.09.193

Y. Liu, C. Yan, Z. Zhang, H. Wang, S. Zhou, W. Zhou, A com-
parative study on fly ash, geopolymer and faujasite block for Pb
removal from aqueous solution. Fuel 185, 181-189 (2016).
DOL: https://doi.org/10.1016/j.fuel.2016.07.116

A. Maleki, M. Mohammad, Z. Emdadi, N. Asim, M. Azizi, J. Sa-
faei, Adsorbent materials based on a geopolymer paste for dye
removal from aqueous solutions Arab. J. Chem. 13, 3017-3025
(2020). DOI: https://doi.org/10.1016/j.arabjc.2018.08.011

N. El Messaoudi, M. E1 Khomri, A. El1 Mouden, A. Bouich, A. Jada,
A. Lacherai, H.M.N. Igbal, S.I. Mulla, V. Kumar, J.H.P. Américo-
Pinheiro, Regeneration and reusability of non-conventional low-
cost adsorbents to remove dyes from wastewaters in multiple
consecutive adsorption—desorption cycles: a review. Biomass
Convers. Biorefinery. (2022).

DOI: https://doi.org/10.1007/s13399-022-03604-9



	Yujin Rhee1*, Equo Kobayashi1
	Effect of Cold Rolling on Precipitates Evolution in Al-5.5Zn-2.0Mg-2.4Cu Alloy 

	Joon Phil Choi￼1*, Yongrae Kim￼1, Dongwoon Shin￼1, Min-Kyo Jung￼1, 
Pil-Ho Lee￼1, Seung Ki Moon￼2, Haining Zhang￼3*
	Comparison and Identification of Optimal Machine Learning Model 
for Rapid Process Modeling of Aerosol Jet Printing Technology

	Pil-Ho Lee￼1* Min-Kyo Jung￼1, Joon Phil Choi￼1, Yongrae Kim￼1, Taeho Ha￼1
	Experimental Characterization of AISI P21 Tool Steel/Hexagonal Boron Nitride Composites 
Via Directed Energy Deposition

	Dinh Van Cong￼1, Seung-Yun Song￼1, Dong-Gwan Lee￼1, Jin-Chun Kim￼1*, 
Minh-Thuyet Nguyen￼2, Alexander A. Gromov￼3
	Mechanical Behavior and Microstructural Evolution in 316L Stainless Steel Processed 
by Laser Powder bed Fusion under Different Annealing Conditions

	Jae Min Sung￼1,2, Ammad Ali￼1,3, Kee-Ryung Park￼1, Mi Hye Lee￼1, 
Da-Woon Jeong￼1, Bum Sung Kim￼1,3, Haejin Hwang￼2, Yoseb Song￼1*
	Temperature-Dependent Exfoliation Behavior of MoS2 via Quenching

	Hongjun Yoon￼1, Sung Giu Jin￼1*
	Preparation and Characterization of Controlled-Release Fertilizers Extrusion Granules 
using Porous Silicon Dioxide

	Seungheon Han￼1, Hee Yeon Jeon￼1, Jeong Hyun Kim￼1, 
Myeongjun Ji￼2, Gun-Jae Lee￼3, Young-In Lee￼1*
	Direct Synthesis of Defective Tungsten Trioxide Microspheres using Ultrasonic Spray 
Pyrolysis Process for Enhanced Photothermal Conversion Performance

	Youngmin Kim￼1, Ji Young Kim￼1, Ji Won Choi￼1, Eui Seon Lee￼1, Sung-Tag Oh￼1*
	Morphology Modification of MoO3 Powders by Hydrogen Reduction 
and Re-Oxidation Process

	XiangYi Han1, Dong-Geon Lee1, Seungyoung Park￼2, Doo-Seung Um￼3,4*, Chang-Il Kim1*
	Reverse-Patterning Process of Ti3C2Tx MXene using an Inkjet Printing Technique

	Ji Won Choi￼1, Ji Young Kim￼1, Youngmin Kim￼1, Eui Seon Lee￼1, Sung-Tag Oh￼1*
	Preparation of W-Cu Composite Powders by Hydrogen Reduction of WO3 
And Copper Nitrate Mixture

	Gang Ho Lee1,2, Minha Park￼1, Sanghoon Noh2, Byoungkoo Kim￼1*, Byung Jun Kim￼1*
	Microstructure and Mechanical Properties of Modified AISI 4140 Steel 
with Addition of Cr and W Elements

	Hee Yeon Jeon￼1, Myeongjun Ji￼1, Young Hwangbo￼1, 
Gun-Jae Lee￼2, Young-In Lee￼1*
	Synthesis of Brookite Titanium Dioxide Nanorods using Salt-Assisted Ultrasonic 
Spray Pyrolysis Process and their Photocatalytic Activities 

	Seong-Hee Lee￼1*
	Microstructure and Mechanical Properties of Layered Aluminum Alloy Sheets Fabricated 
by Multi-Stack ARB Process

	Soo-ho Jung1, Jinhee Bae1, Jihun Yu1, Kyung Tae Kim1*
	Electrostatic Reactivity Control of Polytetrafluoroethylene-Coated Aluminum Powders 
using Antistatic Agents

	Linh Ba Vu￼1, Injoon Son￼2, Kyung Tae Kim￼1, Seungki Jo￼1*
	Influence of Sintering Temperature on Thermoelectric Properties 
of n-type Bi2-xSbxTe3 Compounds

	Min-Ji Kim￼1,2, Min-Jeong Lee￼1,2, Hyun-Ju Kim￼1, Ju-Yong Kim￼3, 
Jung-Woo Lee￼2*, Jung-Yeul Yun￼1*
	Fabricating Metal Powder Filters with Material Extrusion Additive Manufacturing

	Donhee Lee￼1, Du Hong Kang￼1, Poongyeon Kim￼1, Si Young Chang￼1*
	Surface Properties of Electrolytic Polished Layer on STS316L 
by Single Melting and Double Melting

	Jeong Gon Kim￼1*, Jaehyo Cho2, Min Soo Shin1, Young Chan Lim1
	Production of TiO2 with Scrap Collected by Trap in the TiN Process

	Ammad Ali￼1,2, Jae Min Sung￼1,3, Hyun-Woo Lee￼1,3, Yoseb Song￼1, 
Da-Woon Jeong￼1,4, Kee-Ryung Park￼1*, Bum Sung Kim￼1,2*
	Encapsulation of Ti Powders with WC-Co using High-Energy Ball Milling: 
Influence of Milling Time on Microstructure

	Hong-Gu Lee￼1, Ayeong Lee￼1, Su-Gwan Lee￼1, Chae-Ryeong Kim￼1, 
Jin-Chun Kim￼1*, Sang-Yong Shin￼1
	Microstructure and Mechanical Properties of High-Strength Tool Steels

	Sang-Gyu Park￼1*, Seung uk Mun￼2, Ki Hwan Kim￼1, Hoon Song￼1, Jun Hwan Kim￼1
	Development of NdYO3 Powder Fabrication as a Reaction Preventing Raw Material 
for Metal Fuel Casting 


