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Abstract: The release of Cu into water is an immediate concern that negatively affects environmental
health. To eliminate this problem, the adsorption of Cu(II) on varying substances has been studied
widely for two decades. The utilization of low-cost adsorbents obtained from industrial wastes hits
two targets with one arrow. In the present study, ferrochrome ash (FCA) obtained from the baghouse
filters of ferrochrome facilities was utilized to adsorb Cu(II) for the first time in the literature. To
achieve this goal, initially the FCA was characterized by XRD, XRF, SEM, EDS, and BET analyses,
and then washing and grinding pretreatment was conducted to eliminate the Cr dissolution and
increase the surface area of the FCA. Adsorption experiments were conducted in 100–1000 mg/L
Cu(II) solution on 0.4–8 g/L FCA for 0–300 min. As a result, it was concluded that a maximum
adsorption capacity was obtained as 298.75 mg/g, which makes the FCA an applicable adsorbent for
Cu(II) adsorption. Additionally, a pH range of 3–6 is favorable. The Cu(II) adsorption on FCA fits the
pseudo-second order (PSO) kinetics and Freundlich isotherm models well. The Cu(II)-adsorbed FCA
was investigated by SEM, EDS, and FT-IR analyses. According to the results, it can be deduced that
the adsorption mechanism is chemisorption, which involves the valency forces between the metal
and the adsorbent.

Keywords: water treatment; ferrochrome ash; Cu(II) adsorption; adsorption kinetics; adsorptionisotherms

1. Introduction

Heavy metal release to water resources from different production facilities is an impor-
tant problem. The decrease in the rate of potable water worldwide rises substantially with
the participation of heavy metal pollution [1]. From the Earth’s origin, these heavy metals
have been naturally occurring in the crust of the planet. Heavy metal use has dramatically
increased, which has led to an impending rise in metallic contaminants throughout the
terrestrial ecosystem and the freshwater habitats [2–4]. Contaminations originating from
metals, such as lead, antimony, mercury, and copper, have an important place in heavy
metal pollution considering the wide application area of the use of these metals [5]. Copper
is one of the most important heavy metals, and is used in different application areas, such
as metalworking processes, plastics, building constructions, electric and electronic prod-
ucts, etc. [6]. The contamination of copper in water can be caused from natural (forest fires,
eruptions, and windblown dust) or man-made (mining, metal production, domestic, etc.)
sources [4,7]. Therefore, the release of copper used in these processes into the environment
through wastewater poses an important risk for the environment, ecosystem, and human
health [8]. Since the copper concentration in the wastewater obtained from these processes
is generally very high, it is necessary to reduce the copper concentrations by subjecting
these waters to a process before they are released into the environment [6,9]. According to
the United States Environmental Protection Agency (USEPA) and World Health Organiza-
tion, the limit for the copper concentration in drinking water should not exceed 1.3 mg/L
and 2.0 mg/L, respectively [10,11].
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Various methods, such as adsorption, membrane filtration, cementation, and elec-
trochemical techniques, can be used to reduce the copper content of wastewater [6]. In
cementation, copper is reduced to a metallic state by using a reductant, such as iron and
zinc ions. Although this method is easy and useful, sacrificial metal consumption is the
main disadvantage of this method [6,12]. Membrane filtration allows for the removal of
copper ions from the wastewater. However, this method cannot be used in turbid water.
Indeed, clogging of the membrane pores and local bacterial formations have the potential
to pose significant obstacles in the removal of copper [6,13,14].

There is still a need for further research to apply electrochemical methods at an in-
dustrial scale. Furthermore, the energy cost of the process describes a problem that must
be overcome [6]. In this regard, the adsorption process, which describes the adsorption of
ions in the solution to the solid phase surface as a result of physical or chemical interac-
tions, comes with important advantages, such as low cost, simple design, high efficiency,
reuse of adsorbent, and low energy consumption [6,15]. In the adsorption process for the
removal of copper from wastewater, the adsorbent plays a key role on the efficiency of the
removal [9]. Modified natural materials, environmental or agricultural wastes, biopolymers
or hydrogels, and industrial by-products can be used to effectively remove copper. In the
first category, modified natural materials, such as zeolite and its composites, have great
performance for copper removal. Although modification of these materials increases the
efficiency of the removal of copper, it increases the cost of the process [16]. Additionally,
magnetic field utilization for metal adsorption is also a new process to increase the removal
efficiency. In this process, the magnetic susceptibility and chemical properties of both the
adsorbent and the adsorbate affect the removal process [17–20].

Modification and/or secondary processes of environmental or agricultural wastes also
increase the cost of copper removal [21]. On this point, industrial by-products have great po-
tential as efficient adsorbents for copper removal from wastewater. Wang et al. (2016) used
quenched blast furnace slag for the removal of copper, zinc, and cadmium ions. Although
they used quenched blast furnace slag, a secondary process in the preparation of the adsor-
bent took a long time, and it was also an energy-required process [22]. Yehia et al. (2008)
used unburned carbon separated from blast furnace flue dust for the removal of copper ions
from the solution [23]. Although the materials used had a relatively low cost, the removal
efficiency of the copper was around 80% in optimal conditions [23]. Buema et al. (2021)
used modified fly ash to improve the efficiency of the removal of the copper ions according
to the unmodified fly ash [24,25]. Although they increased the efficiency of the removal of
the copper ions from the solution, the added steps on the modification process to fly ash
increased the economical and time costs of the process [24]. According to the literature,
there is still a need to search for new materials obtained from industrial by-products to
effectively remove copper from wastewater. On the other hand, various studies have in-
vestigated the removal of heavy metal ion removal from aqueous solutions by magnesium
silicates. Liu et al. (2017) prepared a Fe3O4@MgSi composite to remove copper ions and
obtained a Cu(II) adsorption capacity of 2198 mg/g [26]. Huang et al. (2017) synthesized
porous magnesium silicate nanoparticles with a surface area of 650.50 m2/g, exhibiting
a Cu(II) adsorption capacity of 52.30 mg/g [27]. Liu et al. (2013) removed Cu(II) with an
adsorption capacity of 100 mg/g by using chrysotile (Mg3(Si2O5)(OH)4) prepared from
asbestos tailing [28]. Additionally, Choong et al. (2018) claim that increasing the magnesium
silicate amount on the activated carbon increases the adsorption capacity of Cu(II) from
165 to 369 mg/g [29].

Ferrochrome ash (FCA), which is a waste collected at the baghouse filters of the fer-
rochrome production process, is generated at a rate of 0.02–0.03 tons per ton of ferrochrome
production, and is mainly composed of magnesium silicate [30–32]. However, there is no
industrial utilization of this waste and, therefore, an application area is required to prevent
it from accumulating in nature and polluting the environment. Due to the high magnesium
silicate content and fine particle size of the FCA, its utilization as an absorbent will allow
this waste to find a more value-added use. The present study involves the investigation of
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the usability of FCA as a novel adsorbent. To achieve this goal, FCA was used as an adsor-
bent for copper. Initially, the properties of FCA and the effects of washing and grinding as
a pre-treatment on the removal of copper from a Cu(II) aqueous solution were investigated.
Here, SEM/EDS, XRD, and BET analyzes were conducted to characterize FCA, and atomic
absorption spectroscopy (AAS) analysis was carried out to determine the element amount
in the solution. Then, important parameters, such as pH, amount of adsorbent, and the
concentration of copper that affects the performance of the adsorption were studied.

2. Materials and Methods
2.1. Materials

The FCA used in this study was obtained from the bag filter of the high carbon
ferrochrome production furnace located in “Eti Krom A.Ş. Elazığ, Turkey”. XRF analysis
of the FCA was carried out by a Panalytical Epsilon4 X-ray fluorescence spectrometer
(Panalytical, Malvern, UK). According to the XRF results, the FCA contains 37.9% MgO,
28.8% SiO2, 8.5% Al2O3, 6.1% Cr2O3, 6.0% K2O, 4.4% ZnO, 2.8% Fe2O3, with the remainder
made up of other minor elements. An X-ray diffractometer (XRD, Philips PW 3710, Philips,
Amsterdam, The Netherlands) was used to characterize FCA utilizing CuK radiation over
a range of 10–90◦ and a scanning speed of 1◦/min. The Joint Committee on Powder
Diffraction Standards (JCPDS) database was used to categorize the detected patterns. The
peaks obtained from the XRD analysis of the FCA are given in Figure 1a.
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According to Figure 1a, the FCA is mainly composed of MgSiO4 (ICSD: 00-004-0769)
with relatively lesser amounts of MgAl2O4 (ICSD: 00-002-1084), FeCr2O4 (ICSD: 01-089-
2618), and ZnO (ICSD: 01-079-0208). To be able to eliminate the Zn, Cr, and Fe contamina-
tion, 20 g of FCA was washed in 500 ml deionized water for 1 h and then filtered. This cycle
was conducted three times, and the final solid residue was dried in an oven at 80 degrees
for 1 h. Additionally, to increase the removal efficiency of the FCA, a grinding process for
5 min with a frequency of 10 Hz by a Retsch Mixer Mill MM 200 (Retsch, Haan, Germany)
was applied to the washed FCA. Brunauer–Emmett–Teller (BET) analysis was conducted to
the FCA, washed FCA (WFCA) and washed and ground (WGFCA) by a Quantachrome
Quadrosorb SI BET device (Quantachrome, Boynton Beach, FL, USA) which uses cold bath
N2 gas (77.3 K). Data acquisition and reduction were performed using QuadraWin software
(version 7.0). Morphological properties of the samples were investigated by a Zeiss EVO
LS 10 SEM/EDS device (Zeiss, Jena, Germany).

The solutions to be used in the adsorption process were formed from copper sulfate
stock solution, which was initially prepared from analytical grade CuSO4·5H2O and deion-
ized water with a concentration of 1000 mg/L. Then, the solutions were diluted by distilled
water to obtain the desired concentrations. Furthermore, for the pH experiments, the pH
was adjusted by using diluted sulfuric acid (H2SO4).

2.2. Adsorption Experiments

The batch Cu(II) adsorption experiments were carried out in a beaker containing
250 mL of copper sulfate solution with varying concentrations (100–1000 mg/L), pH values
(2–4.7), and WGFCA amounts (0.1–2 g) for contact periods of 1–300 min. A magnetic stirrer
was used in all experiments with a stirring speed of 500 RPMs. After each experiment
solid–liquid separation was made by filtering and both the initial and final solutions were
analyzed by atomic absorption spectroscopy (AAS) (Perkin Elmer AAnalyst 400, , Perkin
Elmer, Waltham, MA, USA). AAS analysis was conducted by using copper standard solu-
tion obtained from Sigma Aldrich (Burlington, MA, USA) with a 1000 ppm concentration.
The experiments were conducted three times, and the average values were calculated as
the final concentration within a max error range of ±0.5%. Copper ion removal ratio (R, %)
and the adsorption capacity (qt, mg/g) at time t were calculated according to the following
Equations (1) and (2) [15], respectively:

Cu Removal (R, %) =
C0 − Ct

C0
× 100 (1)

qt =
(C0 − Ct)× V

m
(2)

where C0 (mg/L) represents the initial concentration of copper ions in the solution, Ct
(mg/L) denotes the concentration of copper ions at time t, V (L) refers to the volume of
solution, and m (g) is the mass of FCA.

Fourier transform infrared spectroscopy (FT-IR) analysis was conducted to the Cu(II)-
adsorbed WGFCA using a Bruker VERTEX 70v device (Bruker, Billerica, MA, USA). The
highest wavelength range was specified to be 450–4000 cm−1, with a resolution of 4 cm−1,
and a wavenumber tolerance of 0.01 cm−1.

2.3. Isotherm and Kinetics Modelling of Adsorption Processes

The quantitative description of the adsorption process of Cu(II) ions on WGFCA
adsorbent was investigated by using Langmuir and Freundlich models. Furthermore,
pseudo-first order (PFO) and pseudo-second order (PSO) models were used for the kinetic
investigation of the batch adsorption process. The linear equations of these models are
given in Table 1 [15].
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Table 1. Isotherm and kinetic models used for the experimental data.

Model Equation

Isotherm models
Langmuir 1

qe
= 1

qmax
+ 1

qmax×KL
× 1

Ce
(3)

Freundlich log qe = log KF +
1
n × log Ce (4)

Kinetics models
Pseudo-first order (PFO) log

(
qe − qt

)
= log qt − K1 × t (5)

Pseudo-second order
(PSO)

t
qt

= 1
K2×q2

e
+ t

qe
(6)

Notes: Abbreviations are as follows: qe, equilibrium adsorption capacity, mg/g; qmax, maximum adsorption
capacity, that is derived from the model, mg/g; KL, Langmuir constant; Ce, equilibrium concentration, mg/L; KF,
Freundlich constant; n, heterogeneity factor; K1, PFO rate constant, 1/min; K2, PSO rate constant, g/mg.min.

The best-fitting models were chosen depending on the correlation R2 values obtained
from the linear fitting of the experimental data.

3. Results and Discussion
3.1. The Effect of Pretreatment on FCA

FCA, which is obtained from the bag filters of a high carbon ferrochrome arc furnace,
contains an amount of Cr, Zn, and Fe, generally bound in a complex compound. However,
the presence of these elements may come out with the problem of leaching into water [33].
Therefore, some preliminary experiments were made to investigate the dissolution of these
elements. A total of 1 g of untreated FCA was added to 250 mL of deionized water and
stirred for 300 min. Then, the suspension was filtered and analyzed by AAS. The results
revealed that the dissolution of Cr, Zn, and Fe was 64.53, 0.21, and 0.10 mg/L, respectively.
Although Zn and Fe dissolution amounts can be ignored, Cr had a very high dissolution
ratio. Hence, this problem was eliminated by triple washing pretreatment, and the amount
of these elements was observed to be less than 0.01 mg/L after washing.

Furthermore, to examine the effect of different pretreatments on removal efficiency,
4 g/L of untreated and treated fly ash samples were processed for 300 min in 100 mg/L of
copper-containing solution and the results were analyzed by AAS. The effects of washing,
grinding, and both washing and grinding on Cu removal, calculated by Equation (1),
are given in Figure 1e. Moreover, the SEM images of the raw, washed, and ground FCA
samples with magnifications of 20 k, 60 k and 75 k are given in Figure 1b–d, respectively.

According to Figure 1b, a wide range of particles less than 1 µm in size are observed
throughout the structure of untreated FCA. When the formation of the particles is investi-
gated in detail, the particles seem to be bound together to form bigger particles. This results
in relatively lower surface areas that negatively affect the adsorption properties. On the
other hand, after washing, the bonds between the particles of the WFCA seem to lower due
to the removal of elements that dissolved inside water, as shown in Figure 1c. Furthermore,
Figure 1d illustrates the SEM micrographs of the WFCA particles, and finer particle size
distribution than the former two is recognized. From the BET analysis results the surface
areas of FCA, WFCA, and WGFCA were obtained as 8.401, 8.455, and 10.577 m2/g, respec-
tively. The copper removal of the samples is shown in Figure 1e. Although a considerable
change in the surface area was not observed, both washing and grinding increase the
surface area as well as the copper removal ratios. Moreover, both these pretreatments play
an important role on the kinetics of the adsorption process. FCA removed Cu from the
solution within 300 min, where the adsorption process ends for WFCA at the 200th min
and WGFCA at the 15th min. It was previously reported that increasing the surface area of
the adsorbent increases the rate of adsorption due to the higher availability of adsorption
sites on adsorbent surface [34,35]. Therefore, WGFCA samples were selected for all the
adsorption experiments.



Water 2023, 15, 1063 6 of 15

3.2. The Effect of pH

To determine the effect of pH on the Cu adsorption properties, initially, 0.25 g
(1 g/L) of WGFCA was used as an adsorbent in a 250 mL solution containing 100 mg/L Cu.
The stirring period of 1–300 min was selected to obtain equilibrium between the adsorbent
and the solution. pH measurements were made at determined periods, and the pH value
of 4.7 ± 0.1 was determined. Because insoluble Cu(OH)2 precipitates at pH values over
5 [28,36,37], acidic solution pHs of 2, 3, 4, and 4.7 (without pH adjustment) were investi-
gated by adjusting the pH using dilute sulfuric acid (H2SO4). Calculated Cu removal (R %)
and qt values by Equations (1) and (2), are given in Figures 2a and 2b, respectively.
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pH plays an important role in the adsorption properties of Cu from aqueous solutions.
As given in Figure 2c,d, the pH value of 2 has the lowest R and equilibrium adsorption
capacity (qe) values of 46.41% and 46.05 mg/g, respectively. Increasing the pH to 3 ap-
proximately doubles the Cu adsorption capacity. The pH values of 4 and 4.7 demonstrate
almost similar R % values which are higher than 99%, with similar qe values of 97.75 and
99.5 mg/g, respectively. Furthermore, increasing pH also increases the adsorption rate. For
the experiment that was conducted at the pH value of 3, adsorption ended after 120 min,
where at higher pH values 60–90 min was adequate for the adsorption reactions to reach
completion. After that, a slight change was observed. These results are in good agreement
with the literature, regardless of the organic or inorganic adsorbent type [37–41].

Abbar et al. (2017) defined the mechanism of the pH effect on the adsorption Cu(II)
ions. At low pH ranges (0–2), excessive amounts of H+ ions are present in the solution
and the sorption sites of the adsorbent are saturated by H+ ions. Due to the lack of empty
sorption sites, Cu2+ ions would not be adequately adsorbed. When the pH range is between
2 and 4, because of the decreasing amount of H+ ions, the availability of the sorption sites
increases, and, therefore, Cu2+ can be adsorbed at these areas. Within the pH range of 4–6,
the adsorption properties are slightly affected by the pH change. However at higher pH
values, as a result of the increasing OH− ions, Cu(OH)2 precipitation begins to occur, and
adsorption is affected negatively [42].

3.3. The Effect of Initial Metal Concentration

The initial metal concentrations of 100–1000 mg/L were studied to investigate the
Cu adsorption properties of the WGFCA. To achieve this goal, 1 g of WGFCA was stirred
in a 250 mL Cu solution with the concentrations of 100, 300, 500, 700, and 1000 mg/L for
1–300 min at a fixed pH of 4.7. The R and qt values of the 4 g/L adsorbent-containing ex-
periments are represented in Figure 2a,b, respectively. At low concentrations, the adsorbent
immediately depleted the Cu(II) ions with high R values above 99% within 30 min. With
the increasing initial metal concentration up to 700 mg/L, Cu also depletes (R > 99%), but
the completion time of the adsorption increases (500 mg/L in 120 min and 700 mg/L in
240 min). Additionally, qe values obtained from the experiments increase proportionally
with the initial concentrations from 21.4 to 118.3 mg/g. The experiment conducted for
1000 mg/L reaches a maximum R of 92.5% and a qe of 226.5 mg/g in 300 min. An incre-
ment in the Cu(II) concentration stimulates the Cu(II) diffusion to the adsorbent surface,
depending on the increasing propulsion of the concentration gradient which reduces the
mass transfer resistance of Cu(II) between the solution and the adsorbent. [24,28,37–39].
From this result, it can be deduced that 4 g/L of adsorbent is not adequate to adsorb Cu(II)
ions from a 1000 mg/L solution, because the sites that were available for adsorption were
filled with Cu(II) ions. Figure 3 demonstrates the SEM and EDS analysis of the 4 g/L
WGFCA after 300 min of adsorption with 1000 mg/L initial metal concentration.

As given in Figure 3a,c, Cu accumulated on the surface area of the free sites located on
the WGFCA surface which was shown in Figure 1d. The EDS mapping of Cu (Figure 3b)
reveals that a homogenous Cu distribution can be observed throughout the structure.
Furthermore, when the structure is investigated in detail (Figure 3c), the copper is observed
to have accumulated on the surface in an angular structure, and almost no free surface area
is observed.
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3.4. The Effect of Adsorbent Amount

The effect of the adsorbent amount was investigated by using 0.1–2 g (0.4–8 g/L) of
adsorbent in the 100 mg/L Cu(II)-containing solution. Figure 2e,f display the R and qt
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change in the adsorbent amount experiments against time. Copper removal was efficiently
made by the adsorbent amounts higher than 0.4 g/L with an R-value higher than 99%
within 300 min. When the adsorbent amount was 4 and 8 g/L, the adsorption process
was completed in a few minutes. However, lowering the adsorbent amount lowers the
speed of the adsorption and inverse proportionally increases the time required for the
adsorption to complete. Furthermore, the qe values increased proportionally with the
amounts between 1 and 8 g/L. According to Figure 2e,f, the R and qe of the 0.4 g/L
Cu(II)-containing experiments were, respectively, 81.5% and 198.1 mg/g.

3.5. Kinetic Investigation

A kinetic investigation was conducted by an adsorption process using 0.4 g/L adsor-
bent in 100–1000 mg/L of Cu(II)-containing solution for 0–240 min. The qt and copper
removal ratios are given in Figure 4a and 4b, respectively. In all the adsorption experiments,
rapid removal was observed within 15 min. Then, the adsorption rate slowed down grad-
ually until an equilibrium between the metal and the adsorbent was obtained. Although
some fluctuations were observed after equilibrium was attained, a radical change in the
qt values was not encountered.
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Furthermore, pseudo-first order (Equation (5)) and pseudo-second order (Equation (6))
kinetic models were implemented for the kinetic experiments, and the data obtained are
given in Table 2. The plots of both models for the metal concentration are also shown in
Figure 4c,d. According to the results, both PFO and PSO models are able to determine the
kinetics of the Cu(II) adsorption on WGFCA with high coefficient of determination (R2)
values, which are over 0.93. On the other hand, the PSO model exhibits higher compatibility
than the PFO model due to the R2 values being higher than 0.995.

Table 2. Kinetic and isothermal parameters of the adsorption.

Kinetic Parameters

PFO PSO

Conc.
(mg/L)

qe, exp
(mg/g)

k1
(1/min)

qe
(mg/g) R2 k2

(g/mg.min)
qe

(mg/g) R2

100 191.56 0.000072 150.67 0.9727 0.00023 208.33 0.9996
300 233.81 0.000068 153.71 0.9308 0.00035 240.38 0.9989
500 265.35 0.000074 169.98 0.9721 0.00037 274.73 0.9978
700 281.6 0.000077 192.59 0.9807 0.00033 291.55 0.9964
1000 298.75 0.000057 188.17 0.9429 0.00152 300.3 0.9959

Isotherm Parameters

Langmuir Model Freundlich Model

qmax KL RL R2 1/n Kf R2

299.4 0.017 0.37 0.9236 0.1969 77.14 0.9956

According to the PFO model, the adsorption generally occurs at some specific areas,
whereas, for the PSO, model adsorption is governed by chemisorption that involves the
valency forces between the metal and adsorbent [24,43]. There are varying studies that
investigate adsorbents containing magnesium silicates for the removal of heavy metal
ions, where PSO is offered for Cu(II) adsorption [26–29,44,45]. Liu et al. (2007) used an
adsorbent composed of iron oxide@magnesium silicate for Cu(II) adsorption and explained
the adsorption mechanism as depending on the electrostatic attraction between the neg-
atively charged silicate ions and the positively charged Cu(II) ions [26]. On the other
hand, Huang et al. (2017) claimed that mechanically activated serpentine adsorbed Cu(II)
at very high qe values due to the Mg dissolution and copper precipitation in the form
of wroewolfeite [44]. Furthermore, Petronias et al. (2020) confirmed the same adsorp-
tion mechanism [45]. Either way, Cu(II) adsorption is generally consistent with the PSO
kinetic model.

3.6. Adsorption Isotherms

Adsorption values obtained from Cu(II) solutions with concentrations of 100, 300, 500,
700, and 1000 mg/L were fitted to Langmuir and Freundlich isotherm models to investigate
the behavior between the Cu(II) and adsorbent. Figure 4e,f, respectively, illustrate the
Langmuir and Freundlich isotherm fittings. Fitting and isotherm data given in Table 2
reveals that the Freundlich isotherm is more favorable than the Langmuir isotherm when
relying on the R2 values obtained. The value of RL, which is the separation factor of
Langmuir isotherm, defines the favorability of the model. The value of RL can be irreversible
(RL = 0), favorable (0 < RL < 1), linear (RL = 1), or unfavorable (RL > 1). The irreversibility of
the system and the degree of favorability both contribute to a qualitative assessment of the
interactions between adsorbent particles and heavy metal ions [42,46]. In the present work,
the RL value was determined as 0.37, where the Langmuir isotherm model seems favorable.
The Langmuir isotherm is applicable for monolayer adsorption on homogenous surfaces,
whereas the Freundlich isotherm is used for multilayer adsorption on heterogeneous
surfaces [29,47]. KF (mg/g) and 1/n values, which were obtained from the Freundlich
isotherm, are the property constants that are related to the adsorption strength and the
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heterogeneity of the adsorbent surface. When the 1/n constant is between 1 < n < 10, it
shows favorable adsorption [47], and the n value obtained in this study is 5.08. Therefore,
a heterogeneous and multilayer adsorption mechanism can be mentioned for the Cu(II)
adsorption on WGFCA.

To determine the adsorption mechanism of Cu(II) ions on WGFCA, FT-IR analyses
were carried out. Figure 5 shows the FT-IR spectra of WGFCA before and after Cu(II)
adsorption. The peaks at around 900 and 1200 cm−1 were related with the Si-O-T bonds
(T:Si or Al) in the chemical composition of FCA [48,49]. The bending mode of O-Mg-
O can be seen at around 490 cm−1 [50]. The peaks of O-Si-O bonds were observed at
670 cm−1 [50]. Other peaks around 3360 cm−1 and 1600 cm−1 were attributed to –OH and
H-O-H bonds [51]. As can be seen in Figure 5, the transmittance of peak, which was related
with –OH, changed after the adsorption of Cu(II) ions. Indeed, the peak of hydroxyl was
divided, caused by interactions of Cu(II) ions and hydroxyl groups. Positively charged
Cu(II) ions were adsorbed on WGFCA surface over oxygen atoms in hydroxyl groups
consisting of partial negative charges [52,53]. Furthermore, Figure 6 illustrates the Cu(II)
adsorption mechanism of WGFCA.
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3.7. Comparison with the Literature

Numerous studies have investigated the adsorption mechanism of Cu(II) on various
adsorbents; low-cost adsorbents obtained from waste attract special attention due to both
economic and environmental concerns.

Table 3 represents the adsorption capacities of Cu(II) on varying adsorbents used
in the literature and this work. It can be deduced that Cu(II) adsorption is generally
compatible with the PSO kinetics model, where chemisorption is favorable. On the other
hand, magnesium silicate-based adsorbents are commonly consistent with both the Lang-
muir and Freundlich isotherm models, while others recommend the Langmuir isotherm
model only. Hence, a multilayer and heterogeneous adsorption mechanism can be spec-
ified where magnesium silicate is involved. When compared with the silicate-based or
carbon-containing adsorbents, magnesium silicate-based adsorbents display higher Cu(II)
adsorption capacities, as encountered in the present study.

Table 3. Cu(II) adsorption capacities of varying adsorbents.

Adsorbent Recommended
Kinetic Model

Recommended
Isotherm Model

Adsorption Capacity
(mg/g) Reference

Silicate-based Adsorbents

Maghnite PSO Langmuir 21.78 [39]
Water-quenched blast furnace slag PSO Langmuir 21.32 [22]

NaOH treated fly ash zeolite PSO - 27.90 [25]
Fly ash PSO Langmuir 69.93 [38]
Fly ash - Langmuir 8.54 [41]

Bentonite Intra-particle diffusion Langmuir 909.0 [54]
GMZ bentonite PSO Langmuir 6.23 [55]

Na-bentonite PFO, PSO, Elovich’s
equation

Brunauer, Emmett, and
Teller (BET) - [56]

Carbon-containing Adsorbents

Peat moss PSO - 14.30 [57]
Rice bran - Langmuir 33.58 [36]

Sugar beet pulp PFO, PSO Langmuir 28.5 [37]
Palm shell activated carbon - Langmuir 1.581 [58]

Sawdust PSO Langmuir 263.2 [38]
Activated carbon PSO Langmuir 125.0 [38]

Unburned carbon from blast
furnace flue dust - - 10.9 [23]

Lignite PSO Freundlich 21.0 [43]

Magnesium Silicate-based Adsorbents

Chrysotile PSO Langmuir 86.85 [28]
Serpentine - - 50.00 [44]

Activated serpentine - - 539.0 [44]
Porous magnesium silicate with a

flower-like structure PSO Langmuir 52.30 [27]

Magnetic magnesium silicate
composite (Fe3O4@MgSi) PSO Langmuir, Freundlich 2198 [26]

Magnesium silicate impregnated
palm shell waste PSO Freundlich 369.0 [29]

Washed and ground
ferrochrome ash PSO Freundlich 298.75 This work
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4. Conclusions

A novel adsorbent, mainly composed of magnesium silicate, namely ferrochrome
ash, was utilized to adsorb Cu(II) in the present study, and the following conclusions
were obtained:

1. A washing pretreatment was applied to the ferrochrome ash to remove hazardous
Cr ions that would dissolve during the adsorption process. Furthermore, a grinding
process was applied to be able to disaggregate the particles and increase the surface
area of FCA.

2. pH levels lower than 3 influence the adsorption negatively due to the excessive H+

ions. On the other hand, when the pH value is higher than 6, precipitation of Cu(OH)2
favors. Therefore, a range between 3 and 6 of pH value is favorable.

3. Up to 500 mg/L initial Cu concentration of the solution significantly increased the
Cu(II) adsorption on 0.4 g/L WGFCA and, at higher concentrations, a slight increase
was observed.

4. Rapid adsorption was observed at the initial 15 min, and then the adsorption rate
slowed down until an equilibrium was reached for all the samples. This behavior
is coherent with the pseudo-second order of the kinetic model, which is explained
with chemisorption.

Both the Langmuir and Freundlich isotherms are in accordance with the present study;
however, the Freundlich isotherm fitting exhibited higher R2 values. From this point of
view, a heterogeneous and multilayer adsorption system is involved in the adsorption of
Cu(II) on WGFCA.
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